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ABSTRACT 

The  position  of  a  second  user  (not  the  producing  country)  in  Spare 
Part  Provisioning  and  the  utilization  of  maintenance  related  provision- 
ing models  are  studied  in  this  thesis. 

A  second  user  has  to  determine  what  his  position  is  in  the  System 
Life  Cycle,  how  much  control  he  has  over  system  life  cycle  cost,  his 
needs  with  respect  to  spare  part  provisioning  and  what  the  crucial  issues 
are.  In  the  first  part  of  the  thesis,  the  concepts,  activities  and  ex- 
penditures on  these  subjects  are  studied  and  modified  from  a  second 
user's  position. 

In  the  second  parr,    two  maintenance-related  provisioning  models 
(METRIC  and  OPUS)  are  described  and  compared.     Finally,   a  sensitivity 
analysis  utilizing  the  OPUS  model  was  attempted  for  a  hypothetical  main- 
tenance and  support  organization  with  supplemental  data.     Difficulties 
with  the  OPUS  program  precluded  completion  of  this  phase. 
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I.   INTRODUCTION 

In  today's  world,  while  almost  all  systems  are  becoming  more  and 
more  sophisticated,  the  need  for  spare  parts  is  increasing  and  even  be- 
coming operationally  unbearableo  The  more  the  systems  become  sophisti- 
cated, the  less  durable  and  more  delicate  they  become.  Technological 
break-throughs  are  making  it  possible  to  realize  better  our  logistics 
needs, 

During  the  design  phase,  systems  are  subject  to  reliability  (R)  and 
maintainability  (M)  trade-off  analyses  [Ref „  1] „  A  few  systems  have  to 
be  almost  totally  reliable  but  not  maintainable  (e.g.  space  rockets, 
missiles,  unmanned  space  capsules),  but  most  systems  have  to  depend  on 
maintenance  and  support  during  their  system  life  cycles.  This  is  be- 
cause: 

•  One  can  not  totally  eliminate  operator  errors  that  can  cause  a 
system  failure. 

•  Even  though  the  system  is  the  most  reliable  system  in  existence, 
it  is  never  100%  reliable, 

•  Cost  constraints  are  such  that  very  high  levels  of  reliability 
are  not  affordable. 

A.  PURPOSE 

In_the  light  of  these  facts,   the  purposes  of  this  thesis  are; 

•  To  clarify  some  issues  concerning  spare  parts  and  spare  parts 
provisioning. 

•  To  explore  computerized  models  and  their  utilization  for  spare 
part  provisioning. 
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The  former  matter  is  especially  pertinent  for  the  Turkish  Navy,  The 
main  purpose  of  this  is  to  introduce  the  general  concepts,  decisions  and 
activities  concerning  spare  part  provisioning.  During  this  process,  the 
position  of  a  second  user  (this  is  a  user  like  Turkey  who  most  likely 
buys  systems  "off-the-shelf"  from  foreign  countries)  are  discussed  and 
concepts  and  activities  are  directed  toward  repair  parts  modified  for  a 
second  user. 

The  latter  matter  has  a  more  general  purpose  and  is  applicable  to 
all  users.  The  computerized  models  considered  in  this  part  are  mainte- 
nance and  supply  support-related  types,  rather  than  stockage-related 
(inventory)  types. 

B.  .APPROACH 

A  progressive  manner  is  chosen  as  an  approach  for  this  thesis. 
First  the  big  picture,  the  life  cycle  of  a  system  and  its  parts,  is 
discussed.  The  cost  consideration  during  the  life  cycle  of  the  system 
and  the  position  of  spare  part  provisioning  are  identified  for  a  second 
user. 

After  that,  classification  of  spare  parts  and  appropriate  provision- 
ing models  for  each  class  are  identified.  Since  the  cost  of  repair 
(reparable)  parts  is  a  greater  percentage  of  total  spare  part  provision- 
ing cost  than  are  the  consumable  (non-reparable)  parts  [Ref .  19] , 
further  discussions  and  analyses  are  directed  toward  repair  parts  pro- 
visioning and  computerized  models  for  this  purpose. 

In  the  part  on  utilization  of  the  models  a  sensitivity  analysis  on 
the  structure  of  maintenance  and  support  organization  is  performed  using 
the  OPUS  model  to  show  how  a  second  user  can  utilize  the  model  to 


12 


optimize  the  organization  structure,  and  simultaneously  to  determine 
the  appropriate  repair  and  stockage  policy  within  the  organization  for 
a  given  system  (or  systems).  This  would  ensure  the  best  availability 
for  the  systems  at  operational  sites, 

C.  BACKGROUND 

U.  S.  Department  of  Defense  Instruction  (DODINST)  4140.42  defines 
the  DCD  policy  for  spare  part  provisioning  [Ref,  2],  OPNAVTNST  4423.5 
is  the  Navy  version  of  the  DCD  instruction.  Tnis  document  establishes 
the  policy  for  stockage  criteria  and  determination  of  requirements  for 
spare  parts.  The  model  utilized  by  the  U,  S5  Navy  Ships  Parts  Control 
Center  (SPCC),  the  Time  Weighted  Average  Months  Program  (TWAMP)  and  Cost 
Difference  (COSDIF)  which  establishes  range  for  TWAMP  are  based  on  this 
policy. [Ref,  18] ,  TWAMP  is  fundamentally  a  demand  tracking  model  for 
spare  part  stockage  which  is  applied  to  a  single  item  at  a  time  at  a 
supply  station.  The  model  basically  tries  to  ensure  that  the  user  is 
able  to  find  the  spare  part  within  the  supply  system  without  the  system 
overstocking  the  item.  Therefore,  the  supply  system  as  a  whole  is  the 
major  concern  in  this  model  rather  than  just  the  operational  units. 

Another  policy,  which  takes  maintenance  into  consideration  as  well 
as  supply  support  (total  logistics  concept)  has  been  attracting  the  at- 
tention of  logisticians.  But  its  early  implementations  (METRIC)  by  USAF 
in  the  1960 's  has  not  been  very  successful  because  of  practicality 
reasons.  However  recent  improvements  in  this  type  of  model  (e.g.  OPUS) 
are  receiving  increasing  utilization. 

These  are  fundamentally  logistic  support  models,  and  can  also  be 
applied  to  a  system  at  the  operational  site  by  taking  the  entire  mainte- 
nance and  supply  support  organization  structure  and  its  capabilities  into 
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consideration,  These  models  permit  selection  and  allocation  of  spare 
parts  to  supply  stations  and  calculation  of  the  effectiveness  of  the 
system  for  a  given  amount  of  investments  The  major  concern  in  these 
models  is  the  system  and  the  operational  site  rather  than  supply  sta- 
tions. 

Since  the  prospect  of  using  this  policy  and  the  models  related  to 
it  was  considered  encouraging,  these  models  are  discussed  in  detail  in 
this  thesis, 
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II.  SPARE  PART  PROVISIONING  AS  A 
PART  OF  SYSTEM  LIFE  CYCLE  AND 
LIFE  CYCLE  COST 

Spare  part  provisioning  may  occur  at  several  points  in  the  life 
cycle  of  a  weapon  system.  So  what  is  the  life  cycle? 

A,  SYSTEM  LIFE  CYCLE  g^>*^^  ~  ' 

Reference  3  gives  the  concept  of  the  system  life  cycle  as ; 
"A  system,  to  be  useful,  must  satisfy  a  needo  However,  designing  a 
system  to  just  meed  the  need  is  not  usually  sufficient.  With  few  excep- 
tions, the  system  must  be  able  to  continue  to  meet  the  need  over  a 
specified  period  of  time  in  order  to  justify  the  investment  in  time, 
money  and  effort.  Thus,  one  must  consider  a  system  in  a  dynamic  sense- 
the  life  cycle  or  so  called  * 'cradle-to-grave"  viewpoint.  The  system 
life  cycle  may  be  said  to  originate  in  the  perception  of  a  need  and 
terminate  when  the  system  is  retired  as  obsolete," 

Specifically,  for  a  weapon  system  the  life  cycle  is  the  period  which 
begins  with  threat  analysis  and  the  need  for  the  weapon  system  and  ends 
with  its  disposition.  The  major  time  periods  in  the  life  cycle  include 
(Fig,  1) 

•  Planning  Period 

—       Concept  Formulation  Phase 
••   System  Definition  Phase 

•  Acquisition  Period 

*•   Design  and  Development  Phase 

••   Production  and  Installation  Phase 

•  Use  Period 

••   Operations  and  Support  Phase 
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Figure  1.  Major  Time  Periods  of  System  Life  Cycle  [Ref.  3], 
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••   Modification  and  Disposition  Phase 

1.  Concept  Formulation  Phase 

This  is  the  initial  phase  of  the  life  cycle  in  which  efforts  are 
directed  toward  analyzing  the  need  (threat),  identifying  and  evaluating 
the  feasibility  of  possible  solutions  to  the  need,  and  developing  the 
system  operational  requirements  in  sufficient  detail  to  form  a  basis  for 
the  system  definition  phase  [Ref .  3] , 

2.  System  Definition  Phase 

In  this  phase,  the  selected  approach  defined  in  the  concept  for- 
mulation phase  is  further  refined,  and  its  technical,  economic,  and 
financial  feasibility  is  investigated  in  greater  detail.  The  output  is 
a  set  of  system  requirements  communicated  in  a  system  specification  for 
the  proposed  follow-on  engineering  development  (system  design)  effort. 
System  definition,  therefore,  translates  system  operational  requirements 
into  system  design  requirements  [Ref,  3]. 

3.  Design  and  Development  Phase: 

The  design  phase  (sometimes  called  Research  Development,  Test 
and  Evaluation — RDTE)  encompasses  that  portion  of  the  Acquisition  Period 
of  the  life  cycle  during  which  the  major  system  design  cost  and  time 
occurs.  The  requirements  specifications  identified  in  the  Planning 
Period  are  the  inputs  to  the  engineering  effort.  The  output  is  a  model 
of  a  system  configuration,  demonstrated  and  evaluated  to  optimally  meet 
requirements  based  on  the  specifications  generated  in  the  system  defini- 
tion phase  [Ref,  3] . 

4.  Production  and  Installation  Phase 

The  production  phase  is  the  portion  of  the  system  life  cycle 
wherein  the  system  is  authorized  for  mass  production.  During  the  pro- 
duction phase,  production  quality  assurance  and  other  tests  under  various 
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environmental  conditions  are  the  important  activities.  Sometimes  statis- 
tical sampling  plans  (a  sample  out  of  the  manufactured  systems)  are  used 
instead  of  lOCFc  production  inspection,  to  avoid  large  inspection  cost. 
Design  improvements  may  also  be  introduced  during  this  stage,  if  neces- 
sary, based  on  the  quality  assurance  and  the  reliability  measurements 
of  the  produced  systems. 

The  installation  phase  follows  the  production  phase.  The  system 
can  not  be  considered  to  be  operational  (ready  for  use)  until  installa- 
tion has  been  completed  and  the  system  checked-out.  The  system  first 
exists  as  a  complete  usable  entity  only  after  it  has  been  installed  with 
all  its  required  resources  (prime  equipment,  support  equipment,  facili- 
ties, trained  operating  and  support  data)  [Ref.  3]. 
5.  Use  Period 

The  last  period  of  the  life  cycle  of  a  system  is  the  use  period. 
It  is  considered  in  two  phases,  (as  Operations  and  Support  Phase  and 
Modification  Phase)  but  here  it  is  discussed  as  one  period  instead  of 
two  phases. 

The  use  period  of  the  system  life  cycle  is  that  long  period  of 
time  where  the  system  can  now  be  operated  to  fulfill  its  mission  require- 
ments.  It  is  during  this  period  that  the  true  cost -effectiveness  of 
the  system  can  be  measured  [Ref.  3]. 

During  this  period  is  when  the  user  has  the  absolute  responsi- 
bility for  the  system.  The  system  must  be  given  logistics  support.  The 
failures  of  the  system  have  to  be  restored,  and  also  it  should  be  pre- 
vented from  failure  by  doing  periodic  tests  and  check-outs  and  other 
required  preventive  maintenance .  The  problems,  not  previously  encountered 
with  the  system  result  in  engineering  change,  New  usage  requirements  for 
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the  system  will  give  rise  to  modification  needs  for  the  system.  In  this 
way,  early  obsolescence  is  minimizedo 

Finally,  when  the  system  no  longer  proves  to  be  cost-effectively 
used  to  meet  either  existing  or  modified  new  operational  requirements, 
it  is  retired.  The  obsolescence  of  an  old  system  usually  generates  new 
system  requirements,  and  another  system  life  cycle  starts  over  again 
[Ref.  33. 

B.  COST  CONSIDERATIONS 

The  cost  incurred  during  these  time  periods  is  referred  to  as  "System 
Life  Cycle  Cost",  and  it  can  be  defined  as  follows: 

"Life  cycle  cost  means  the  sum  total  of  the  direct,  indirect,  recur- 
ring, nonrecurring,  and  other  related  costs  incurred,  or  estimated  to  be 
incurred,  in  the  design,  development,  production,  operation,  maintenance 
and  support  of  a  major  system  over  its  anticipated  useful  life  span" 

Prt.4]. 

In  the  situation  of  Turkey,  most  of  the  major  weapon  systems  are 
bought  from  foreign  sources,  and  almost  all  these  purchases  involve  exist- 
ing systems.  That  means  these  systems  have  been  already  planned,  de- 
veloped, manufactured,  deployed  and  are  in  use  in  other  countries.  This 
creates  the  situation  in  which  the  Turkish  Armed  Forces  have  to  concen- 
trate on  the  production  portion  of  the  Acquisition  Period  and  the  Use 
Period  of  the  Life  Cycle  of  a  major  weapon  system. 

Some  weapon  systems  have  been  developed  and  manufactured  domestically, 
but  even  those  systems  are  an  application  of  technologies  and  design 
efforts  of  other  countries.  Thus,  Turkey  does  not  really  become  involved 
in  RDTE  efforts.  All  the  major  weapon  systems  produced  in  Turkey  have 
already  been  proven  feasible  and  evaluated  by  other  sources. 
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Therefore,  in  the  following  parts,  only  the  Acquisition  and  Use 
periods  are  discussed* 

1,  Acquisition  Period 

In  Turkey,  this  period  includes  procurement  and  deployment  of  the 
weapon  systems.  Because  of  the  reasons  stated  above,  the  weapon  systems 
which  Turkey  is  going  to  buy  can  be  considered  as  "off-the-shelf"  items 
in  a  practical  sense.  Although  off  the  shelf  items  are  commercially 
catalogued  and  hence  fixed  price  items,  in  the  case  of  major  weapon  sys- 
tems procurement  this  fixed  price  clause  is  not  realistic  because  of  the 
large  amount  of  money  it  would  involve.  Thus,  this  kind  of  item  procure- 
ment cost  should  always  be  subject  to  negotiations  between  vendor  and  a 
second  user,  like  Turkey . 

In  most  cases,  the  producer  company  tends  to  price  its  product 
based  on  what  it  could  charge  a  second  buyer,  rather  than  what  the  cost 
is  for  the  initial  buyer  [Ref .  5]  .  This  means  that  the  company  is  look- 
ing for  higher  profit  than  it  gets  from  the  initial  buyer.  This  happens 
most  of  the  time  vvhen  a  foreign  country  buys  a  weapon  system  from  USA  by 
RE  (Foreign  Military  Sales),  Although  contracting  is  a  vast  subject  in 
its  entirety,  there  are  some  aspects  occasionally  ignored  or  forgotten. 
For  example,  it  is  important  to  have  a  clause  in  the  contract  that  en- 
sures that  the  vendor  will  deliver  follow-on  spare  part  needs  when  they 
are  required  in  the  future. 

The  important  thing  that  the  user  has  to  realize  is  that  signing 
the  contract  may  not  include  all  the  acquisition  cost  of  a  system,  as  it 
has  sometimes  been  assumed  in  Turkey.  The  acquisition  cost  should  in- 
clude the  following  [Ref.  3] : 

•  Prime  equipment  cost, 

•  Support  equipment  cost, 
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•  Initial  provisioning  of  spare  and  repair  parts  cost, 

•  Technical  data  and  information  cost, 

•  Facilities  cost, 

•  Personnel  training  cost, 

In  the  following  paragraphs,  these  costs  are  examined  with  re- 
spect to  second  user's  control  over  them. 

a.  Prime  Equipment  Cost 

Although  the  buyer  has  almost  no  control  over  this  cost 
since  the  vendor  rends  to  price  its  product  commercially  to  a  second 
buyer,  it  is  possible  to  negotiate  it.  Besides  that,  if  the  vendor  is 
going  to  manufacture  the  items  after  the  agreement,  the  item  price  can 
be  negotiated  to  take  into  account  price  discounts,  when  the  number  of 
items  to  be  manufactured  increases .  What  it  really  means  is  that  if  a 
fixed  set-up  cost  will  incur  for  production,  the  effect  of  this  cost  on 
each  item  price  decreases  when  the  number  of  items  increases. 

b.  Support  Equipment  Cost 

This  is  the  cost  of  preventive  and  corrective  maintenance 
equipment.  It  depends  on  the  maintenance  policy  of  the  user,  For  ex- 
ample, if  the  user  decides  that  corrective  maintenance  is  going  to  be 
done  by  maintenance  stations  instead  of  the  operational  unit  itself,  then 
the  cost  decreases  significantly  since  only  a  few  equipments  have  to  be 
bought  instead  of  one  equipment  for  each  operational  site,  Thus  the 
user  has  some  control  on  this  cost. 

c.  Initial  Provisioning  of  Spare  Part  Cost 

This  is  so  called  "initial  provisioning  of  spare  parts"  and 
its  cost.  Generally,  new  systems  require  new  spare  parts,  and  the  user 
has  to  make  several  decisions  concerning  these  spare  parts.  But  most  of 
the  time  the  -user  chooses  the  easy,  such  as 
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•  Order  the  spare  parts  as  a  total  of  10%  of  prime  equipment 
price  for  each  equipment. 

•  Buy  the  spare  parts  as  suggested  by  the  vendor. 

But,  there  is  a  deficiency  in  such  a  kind  of  initial  provi- 
sioning. It  doesnot  result  in  optimal  use  of  investment  and  causes 
problems  such  as 

•  In  a  short  time  period  after  the  system  becomes  operational, 
a  spare  part  shortage  can  be  roost  likely. 

•  In  the  long  run,  the  user  can  wind  up  with  a  dead  stock  of 
spare  parts. 

Thus  the  user  has  to  make  decisions  himself  as  to  what  to 
do  concerning  the  quantity  and,  in  accordance  with  it,  the  cost  of  the 
initial  provisioning.  Then  he  has  to  find  the  best  available  fit  of 
spare  parts  allocation  among  the  support  organizations .  On  making  these 
decisions,  the  user  desires  to  achieve  the  highest  operational  readiness 
of  the  end-item  (system)  with  the  money  available, 

Fundamentally  there  are  three  factors  to  be  considered  during 
initial  provisioning. 

(1)  Time  period:  The  user  has  to  decide  for  how  long  the 
initial  spare  and  repair  parts  should  be  able  to  support  systems  before 
a  replenishment  procurement.  The  major  factor  in  this  decision  is  pro- 
curement lead  time  (How  long  will  it  take  to  receive  the  shipment  after 
the  purchase  order  is  sent  to  the  manufacturer  or  the  vendor).  This 
period  is  normally  18  months  in  USA,  but  it  may  extend  for  an  additional 
1  to  2  years  depending  on  the  nature  of  the  spare  parts,  transportation 
time,  and  the  manufacturer. 
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But,  one  must  not  forget  that  the  USA  procures  almost  all 
of  its  systems  domestically.  For  another  country  which  does  its  pro- 
curement from  outside,  this  time  period  may  be  much  longer  and  is  depen- 
dent on  several  factors  including  the  future  political  situation  between 
the  manufacturer  and  user  countries „ 

(2)  Reliability:  The  user  has  to  consider  the  failure  rate 
of  spare  parts,  while  deciding  how  many  spare  parts  he  has  to  buy  of  a 
particular  type.  The  time  period  between  replenishment  procurements  and 
spare  part  \JIBF  can  give  a  rough  idea  of  how  much  of  a  particular  spare 
part  will  be  needed  before  the  next  replenishment, 

(3)  The  price  of  the  spare  part:  It  is  important  to  make 
distinctions  among  spare  parts  based  on  their  prices.  An  expensive  and 
a  relatively  cheap  spare  part  can  not  be  treated  equally  during  the 
selection  of  spare  parts  to  be  procured.  Expensive  spare  parts  require 
more  attention  than  the  cheaper  ones  since  procurement  of  these  expensive 
parts  dominate  the  cost  of  initial  provisioning. 

d.  Technical  Data  and  Information  Cost 

Sometimes  the  vendor  or  the  manufacturer  sells  the  mainte- 
nance and  operation  manuals  of  the  system  separately.  Although  this  cost 
is  generally  the  least  one  among  the  other  costs,  a  user  who  wants  to 
operate  or  maintain  the  system  effectively  has  to  buy  all  these  documents. 

e.  Facilities  Cost 

A  new  system  requires  more  than  operational  resources  with 
respect  to  personnel,  services,  and  buildings  during  the  use  period. 
These  additional  resources  can  be  training,  maintenance,  supply  support 
facilities,  which  are  not  necessarily  a  part  of  the  operational  system. 
This  cost  covers  all  the  spending  related  to  this  kind  of  hardware  (and 
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sometimes  software).  It  is  usually  a  high  cost  (but  non-recurring)  item, 
and  the  user  should  try  to  reduce  it  as  much  as  he  can.  The  most  common 
practice  is  to  modify  the  old  facilities  for  new  system  purposes. 

f.  Personnel  Training  Cost 

The  user  has  to  have  trained  maintenance  and  operating  per- 
sonnel to  get  the  expected  benefit  out  of  the  new  system.  Even  though 
the  latest  systems  are  becoming  more  and  more  automatic  the  need  for 
personnel  can  not  be  totally  eliminated.  Personnel  errors  while  operating 
or  maintaining  the  system  will  decrease  the  system  performance.  Thus, 
to  get  the  most  out  of  a  new  system,  the  user  has  to  spend  quite  a  bit 
of  money  to  train  his  personnel  to  operate  and  to  maintain  the  system 
effectively.  Since  this  issue  is  directly  related  to  the  personnel 
policy  of  user,  he  has  a  certain  control  over  this  cost. 
2.  Use  Period 

This  period  includes  40%  to  60~c  of  total  life  cycle  cost  and 
almost  75^-80%  of  the  life  cycle  time-span .  The  cost  incurred  in  this 
period  is  affected  by  the  planning  of  the  system  [Ref .  3] .  If  the  sys- 
tem requirements  have  been  developed  very  carefully  and  efficiently  in 
the  planning  phases,  the  cost  savings  realized  during  the  use  period 
should  be  many  times  of  that  amount  spent  in  planning. 

Another  factor  that  would  affect  the  amounts  spent  in  the  use 
period  is  the  reliability-maintainability  trade-off  analysis  in  the 
planning  and  design  phases,  Sometimes  highly  reliable  but  low-mainte- 
nance type  of  systems  (e.g.  spacecrafts)  are  much  more  cost-effective 
for  the  user  than  low-reliable  but  highly  maintainable  types.  Those 
factors  are  inherent  factors  in  the  system  when  it  is  bought  and  a  second 
user  has  almost  no  control  over  them.  The  cost  of  use  periods  which 
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draw  the  user's  attention  in  general,  are: 

•  Maintenance  Cost 

•  Logistic  Support  Cost  (other  than  spare  parts) 

•  Replenishment  Procurement  of  Spare  Parts  Cost 

•  Operation  Cost 

•  Personnel  Cost 

In  the  following  paragraphs,  these  costs  are  examined  with  re- 
spect to  second  user ' s  control  over  them. 

a.  Maintenance  Cost 

During  the  use  period,  the  system  needs  periodic  preventive 
and  corrective  maintenance  actions  when  it  fails.  The  cost  of  mainte- 
nance can  be  controlled  by  planning  these  maintenance  actions.  A  good 
planned  preventive  maintenance  decreases  the  number  of  corrective  main- 
tenance actions  and  the  cost  of  maintenance  in  the  long  run. 

b.  Logistic  Support  Cost 

All  the  supply  materials  and  activities,  such  as  consumables 
(cleaning  material,  utilities,  etc.)  and  the  personnel  who  administer 
these  items  constitute  this  cost.  The  user  has  to  make  all  the  decisions 
concerning  this  cost.  Effective  planning  and  execution  can  decrease  it. 
Spare  parts  cost  is  separated  from  this  item  only  because  the  thesis  is 
intended  to  study  it  in  depth. 

c.  Spare  Parts  Cost 

This  cost  occurs  when  the  "follow-on''  or  "replenishment  pro- 
curement" of  spares  is  done.  Since  this  action  would  take  place  at  cer- 
tain time  intervals  during  the  Use  Period  and  after  the  initial  provi- 
sioning the  user  has  to  minimize  the  deficiencies  occurred  during  the 
initial  procurement  of  spares.  If  it  is  necessary  he  has  to  reallocate 
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the  spares,  redetermine  the  types  of  spares  to  be  procured,  and  so  on. 
The  important  point  is. that  the  replenishment  spare  parts  prices  are 
most  likely  to  be  higher  than  previous  (initial  procurement)  prices  and 
this  can  require  a  new  agreement  between  the  user  and  manufacturer  or 
the  vendor. 

d.  Operation  Cost 

The  operation  cost  occurs  only  when  the  system  is  in  opera- 
tion. It  can  be  controlled  by  the  user  by  scheduling  operational  and 
non-operational  times  of  the  system. 

e.  Personnel  Cost 

Every  user  realizes  that  he  has  to  employ  a  certain  number 
of  personnel  to  keep  the  system  in  use  (operators,  maintenance  personnel), 
But  even  though  the  total  personnel  cost  can  be  computed  for  an  opera- 
tional site,  it  is  hard  to  determine  how  much  of  this  total  is  spent  for 
a  particular  system.   For  instance,  a  destroyer  carries  250  personnel, 
and  they  cost  a  certain  amount  of  money  to  the  Navy,  but  what  is  the 
personnel  cost  for  the  air  search  radar?  But  user's  personnel  policy  has 
a  significant  effect  on  the  total  personnel  cost  and  thus  the  user  has  an 
apparent  control  over  personnel  cost  as  a  sum  but  not  individually  to  a 
system. 


* 
In  the  USA  Navy,  the  Ship  Manning  Documents  determine  these  cost 

figures  for  each  system  on  board. 
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III.      TYPES  OF  SPARE  PARTS  TO  BE  CONSIDERED 

It  is  important  to  define  spare  parts  and  clarify  what  it  means: 

"Spare  parts:  Spares  and  repair  parts,  reparable  and  consumable, 
purchased  for  use  in  the  maintenance,  overhaul,  and  repair  of  equipment 
such  as  ships,  tanks,  guns,  aircraft,  missiles,  ground  comnunications 
and  electronic  systems,  ground  support  and  associated  test  equipment . 
As  used  in  this  thesis,  except  when  distinction  is  necessary,  it  in- 
cludes spare  parts,  repair  parts,  subassemblies,  components,  and  sub- 
systems, but  excludes  end  items  such  as  aircraft,  ships,  tanks,  guns, 
and  missiles"    [Ref .   6] . 

Since  this  thesis  is  intended  to  be  a  maintenance  oriented  study  of 
spare  part  provisioning,   only  the  reparable  and  non-reparable  types  of 
spare  parts  are  considered  and  studied  (Figure  2), 

Spare  parts  can  be  classified  based  on  several  characteristics  of 
their  own  or  their  usage.     It  is  possible  to  clarify  them  as  high-cost 
and  low  cost,   or  high-demand  and  low-demand,   or  reparable  and  non- 
reparable  (consumable)  and  finally  high- reliability  and  low-reliability. 
These  classifications  depend  entirely  on  the  user's  assumptions  and 
criteria.     He  has  to  give  answers  to  several  questions.     Some  questions 
are  as  follows: 

•  What  is  the  criterion  for  a  high-cost  or  a  low-cost  spare  part? 

•  What  is  the  criterion  for  high-demand  or  low-demand? 

•  What  is  the  criterion  for  repair-discard  decision? 

The  answers  to  these  questions  can  be  different  for  different  users 
of  the  same  type  of  spare  parts. 
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Figure  2.  A  Flow  Diagram  of  Spares  Classification  and  Provisioning 


A.  NON-REPARABLE  SPARE  PARTS 

This  term  includes  "pieceparts"  or  "components" ,  But  it  is  appro- 
priate to  call  these  spares  "consumable  parts",  because  they  are  mostly 
inexpensive  to  be  used  for  repairs,  As  examples,  resistors,  capacitors, 
diodes,  transistors,  electron  tubes,  bearings,  and  some  type  of  values 
and  gauges.  After  failure,  used  parts  can  not  be  reused  and  would  be 
discarded.  Mostly  they  are  relatively  cheaper  than  reparable  spare 
parts,  but  in  some  instances  they  can  be  very  expensive;  for  example, 
radar  transmitter  tubes  (Magnetron,  and  some  other  microwave  tubes), 

Other  than  the  exceptionally  expensive  consumable  parts,  the  rest  of 
them  constitute  TS-SCfc  of  the  total  stockage  of  spare  parts  in  quantity, 
while  they  represent  only  20-25cc  of  the  total  investment  in  spare  parts 
[Ref.  19]  (Fig.  3).  Thus  a  little  overpurchase  of  these  consumable 
parts  would  not  hurt  the  budget.  Therefore,  during  provisioning  the 
quantity  of  low-cost  consumable  parts  is  decided  simply  based  on  their 
demand  rate. 

There  are  several  spare  parts  provisioning  models  that  are  based  on 
the  demand  rate.  The  most  simple  one  is  the  EOQ  (Economic  Order  Quantity) 
model  [Ref.  17] ,  A  more  complex  one  that  is  utilized  by  SPCC  (Ships 
Parts  Control  Center)  of  the  US  Navy  is  T.VAMP  (Time  Weighted  Average 
Months  Program)  model  combined  with  the  COSDIF  equation.  These  models 
are  explained  in  Appendix  (A)„ 

B.  REPARABLE  SPARE  PARTS 

These  parts  will  be  called  "repair  parts"  for  convenience  to  dis- 
tinguish reparable  spare  parts  from  non-reparable  ones.  This  type  of 
spares  can  be  in  the  form  of  subassemblies,  subunits,  printed  circuits, 


29 


100% . 


3 

5 


50%- 


25% 


20% 


20%  25% 


Repair  (reparable) 
parts 


50%      75%  80% 
Investment 


100% 


> 


Figure  3.  Total  Provisioning  Cost  [Ref .  19] 
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electric  motors,  pump  shafts,  and  so  on.  They  can  be  repaired  by  main- 
tenance personnel,  using  the  consumable  (non-reparable  spare)  parts. 
They  have  an  estimated  failure  rate  as  do  the  consumable  parts.  But, 
inasmuch  as  the  repair  parts  are  usually  designed  as  assemblies  of 
other  parts,  their  failure  rates  are  higher  than  consumable  parts. 

In  contrast  to  what  is  stated  for  consumable  parts  earlier,  repair 
parts  are  much  more  expensive  than  consumable  parts  and  constitute  80% 
of  total  investment  and  only  20%  of  whole  spare  parts  in  quantity  [Ref . 
19] .  Therefore,  their  total  cost  is  several  times  that  of  the  consum- 
able parts  total  cost  (Fig.  3). 

This  is  why  the  user  has  to  give  much  more  attention  to  the  selection 
of  repair  parts  rather  than  consumable  parts,  and  this  thesis  is  intended 
to  put  more  emphasis  on  repair  parts  than  consumable  parts. 

Since  the  repair  parts  are  defined  reparable,  maintenance  of  the 
repair  parts  has  to  be  considered  as  well  as  supply-support.  What  this 
means  is  that  when  a  repair  part  fails  at  an  operational  site,  it  is 
sent  to  a  maintenance  site  to  be  repaired  and  reused,  but  when  a  consum- 
able part  fails,  it  is  removed  from  the  system  or  subsystem  or  repair 
part  and  it  is  thrown  away  since  it  is  dead  (not  reusable).  In  each 
case  a  replacement  has  to  be  requested  from  a  support  site  to  replace 
the  old  one.  In  the  case  of  a  repair  part,  the  lack  of  one  spare  part 
at  the  support  site  can  be  filled  by  a  repaired  one;  for  a  consumable 
part  a  new  consumable  part  has  to  be  requisitioned  from  spare  parts 
stock  or  purchased  to  fill  the  support  station. 

There  are  several  repair  parts  provisioning  models  in  existence,  but 
only  two  of  thera  will  be  examined  in  this  thesis,  METRIC  and  OPUS  com- 
puterized provisioning  models,  OPUS  is  examined  more  profoundly  than 
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METRIC  because  it  is  more  applicable  in  Navy  type  of  organizations.  The 
main  objective  for  both  programs  is  to  minimize  the  cost  of  provisioning 
while  maximizing  the  readiness  of  the  end  item  (or  minimizing  the  waiting 
time  for  repair  parts  at  operational  and  support  stations), 
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IV.  SPECIAL  CONSIDERATIONS  FOR  SECOND  USER 

A  second  user  has  a  disadvantage  when  he  buys  a  new  system.  That  is 
because,  in  spite  of  the  fact  that  the  system  has  been  planned  and  de- 
signed considering  the  original  (first)  user's  environment,  a  second  user 
does  not  necessarily  have  the  same  environment.  The  term  environment 
covers  users'  financial  resources,  logistics  capabilities,  and  opera- 
tional conditions  that  the  system  is  going  to  perform  in.  So  the  second 
user  has  to  fit  the  system  into  his  environment  or  has  to  make  modify 
his  environment  to  fit  the  system.  In  this  respect  his  concern  for  spare 
part  provisioning  is  going  to  be  different,  probably  more  difficult  than 
the  first  user's. 

Spare  parts  generally  are  designed  by  the  manufacturer  to  meet  the 
first  user's  economical  and  technical  criteria.  Perhaps  it  is  appro- 
priate to  clarify  this  statement.  Two  of  the  most  important  factors  for 


a  repair  part  are  its  price  and  failure  rate,  because  these  two  factors 
directly  affect  the  decision  on  quantity  to  be  bought.  To  be  explicit, 
while  a  higher  failure  rate  requires  more  in  quantity,  the  price  and 
overall  cost  increase  limits  this.  Thus  a  financially  restricted  user 
often  buys  spare  parts  with  lower  failure  rate  or  less  cost,  even  though 
this  would  increase  the  corrective  maintenance  burden  and  prolong  the 
system  down  time. 

Besides  that,  the  original  user  makes  some  classifications  for  spare 
parts  (Fig.  2).  The  figure  shows  how  the  classification  can  be  done 
theoretically,  but  in  application  the  user  has  to  justify  the  criteria 
for  this  classification.  And  these  criteria  can  change  from  one  user  to 


another,  depending  upon  their  environment .  Thus,  a  second  user  has  to 
reclassify  spare  parts  for  his  own  use.  But  the  second  user  does  not 
have  the  opportunity  to  classify  a  non-reparable  part  as  a  reparable, 
because  its  design  usually  does  not  make  it  possible  to  repair.  Thus 
such  parts  are  excluded  from  discussion. 

Theoretically  the  second  user  has  three  alternatives  in  the  reparable 
parts  arena. 

A,  ACCEPT  SAME  LEVEL  OF  REPAIR  (LpR)  AS  FIRST  USER 

If  the  second  user's  financial  resources,  logistics,  and  operational 
capabilities  allow  this,  it  is  the  best  solution,—  because  there  will  not 
be  an  extra  cost  to  restructure  the  spare  parts  or  his  organization. 

B,  GO  TO  LOWEST  LOR  ALLOWABLE  BY  DESIGN 

Basically  the  idea  is  to  classify  original  SRU's  as  LRU's  and  iden- 
tify new  SRU's  which  would  fit  the  user's  maintenance  and  support  organi- 
zation and  would  allow  him  to  spend  less  mony. 

LRU's  are  fairly  complex,  high  cost  units  that  are  completely  recover- 
able (after  repair  are  like  new) ;  Having  been  replaced  on  the  system 
when  it  is  defective  (i.e.  at  the  operational  maintenance  level),  they 
are  sent  to  the  intermediate  or  to  the  depot  level  for  repair.  After 
repair  they  are  returned  to  the  original  stockage  station. 

The  repair  of  a  defective  LRU  at  the  intermediate  or  the  depot  level 
might  often  be  affected  by  the  replacement  of  a  recoverable  and  high 
cost  module.  This  class  of  spares  will  be  called  SRU.  A  shortage  of 
such  a  spare  will  mean  that  the  repair  time  of  the  LRU  will  be  longer  if 
that  LRU  contains  that  particular  SRU,  and  it  will  increase  the  risk  of 
the  shortage  of  this  type  of  LRU  at  operational  maintenance  levels.  Thus 
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SHU's  have  an  impact  on  the  availability  of  the  end  item,  A  defective 
SHU  is  usually  sent  to  the  depot  level  for  repair;  after  that  it  is 
returned  to  the  intermediate  level  or  kept  at  the  depot  level  [Ref.  8]. 
This  would  seem  to  be  the  most  practical  solution  in  this  kind  of  a 
conflict  resolution,  but  while  doing  this  the  second  user  may  have  to 
make  a  trade-off  analysis  on  his  logistic  organization^ 
1.  LSA  (Logistics  Support  Analysis) 

This  analysis  includes  both  supply  support  and  maintenance  sup- 
port actions.  The  user  has  to  make  the  comparison  between  the  two  sets 
of  analysis  results,  one  by  using  original  LOR  and  another  by  using 
lower  LOR,  Theoretically  LSA  can  be  done  in  the  following  steps:  (Fig.  4) 
a.  Specify  Maintenance  and  Supply  Support  Concepts 

They  are  directly  related  to  system  mission  requirements  and 
are  derived  from  the  system's  mission  profiles,  effectiveness  require- 
ments, operational  states,  and  overall  logistics  concept,  and  from 
policy  statements  which  form  theconstraints  or  boundaries  of  the  support 
system.  They  dictate  the  maintenance  and  supply  support  activities 
allowable  at  the  specified  maintenance  levels,  such  as,  for  example:  no 
preventive  maintenance,  or  only  simple  check  out  and  module  (LRU)  replace- 
ment at  organizational  level,  allowable  personnel  rates  and  numbers,  range 
and  depth  of  spares,  supply  replenishment  intervals,  and  inventory  con- 
trol points  [Ref.  3]. 

For  example,  if  the  operational  requirements  for  a  ship  are 
that  "three  systems  will  be  available  for  mission  effort  at  any  time", 
then  the  maintenance  concept  with  original  LOR  and  original  LRU  and  SRU 
classification,  will  be  designed  to  meet  this  requirement.  The  concept 
selected  may  be  "on-line  maintenance,"  or  "remove-and-replace,  with 
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off-line  maintenance  support" .  But  with  lower  LOR  (assuming  the  SRU's 
sill  be  replaced  instead  of  LRU's  at  the  operational  station),  the  con- 
cept may  change  to  "remove-and-discard."  This  is  an  extreme  example, 
but  the  user  has  to  figure  out  which  alternative  would  be  economically 
optimal  for  his  organization. 

b.  Specify  Maintenance  and  Supply  Support 
Requirements  and  Task  Analysis 

-Maintenance  and  supply  support  requirements  and  tasks  are  an 
elaboration  of  the  maintenance  activities  to  be  performed  and  resource 
required.  These  are  completely  determinable  from  the  maintenance  concepts. 

Reliability  (failure  rate  or  MTBF  and  maintainability )(MTTR, 
MDT)  data  also  influence  maintenance  requirements  and  tasks  [Ref .  3] . 

Maintenance  requirements  include  such  items  as: 

•  What  is  to  be  periodically  inspected  and  serviced, 

•  T.Vhat  spare  parts  are  to  be  replaced  and  repaired, 

•  What  types  of  test  and  check  out  equipment  are  required  for 
different  LOR's. 

Maintenance  task  descriptions  dictate  such  items  as: 

•  Maintenance  action  to  be  taken  at  each  maintenance  level 
(operational,  intermediate  and  depot). 

•  Personnel  who  perform  them  (operators  or  maintenance  techni- 
cians) for  both  preventive  (scheduled)  and  corrective  (unscheduled) 
maintenance . 

•  And  the  frequency  or  time  profiles  for  performing  scheduled 
maintenance  on  the  system,  for  different  LOR'So 

Similarly,  supply  support  requirements  and  task  analysis  will 
include  [Ref.  3] 


•  The  determination  of  the  replenishment  intervals,  inventory 
reorder  levels  at  various  inventory  stock  control  points, 

•  Repair/ discard  criteria, 

•  The  supply  system  (logistic  pipeline)  which  will  be  used 

to  acquire,  transport,  store  and  distribute  spare  parts  for  different 

LOR's. 

c.  Specify  Maintenance  and  Supply  Support 
Resource  Requirements 

From  the  above  analyses,  one  finally  arrives  at  an  analysis 

and  enumeration  of  the  maintenance  and  supply  support  resources  required 

for  the  system.  These  include 

•  Personnel  requirements  including  personnel  ratings,  skill 
levels,  and  training  requirements, 

•  Maintenance  information  including  maintenance  manuals,  aids, 
spare  parts  lists,  and  other  technical  data  required  for  maintenance, 

•  Support  equipment  including  tools,  test  and  handling  equip- 
ment, 

•  Maintenance  and  supply  support  facilities  such  as  buildings, 
shops ,  storage , 

•  Provisioning  data  and  allowance  lists .  These  also  include 
the  supplying  of  operating  consumables  such  as  fuel,  food,  and  ammunition 
as  well  as  repair  and  consumable  (component)  parts  [Ref.  3], 

In  the  preceding  paragraphs,  all  aspects  of  LSA  have  been  in- 
cluded, but  to  study  different  LOR's  for  the  system  and  to  make  an 
economical  comparison  between  them,  the  user  has  to  study  only  the 
specific  items  pertinent  to  the  LOR  change  and  make  an  incremental  com- 
parison between  the  LOR's, 
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C.  GO  TO  LOWER  LOR  BY  REDESIGN 

If  none  of  the  previous  alternatives  is  applicable,  the  last  chance 
for  the  second  user  is  to  have  the  manufacturer  reclassify  the  spare 
parts.  Thus,  this  may  require  some  new  design  effort  by  the  manufacturer 
and  certainly  it  will  result  in  additional  cost  to  the  user.  By  doing 
this,  the  manufacturer  might  be  able  to  design  new  LRU's  to  lower  levels 
of  the  system  than  that  used  to  be.  Hopefully,  thus  these  LRU's  will  be 
cheaper  and  have  lower  failure  rates  than  the  old  ones. 

If  cost  saving  in  the  resultant  redesign  associated  with  provisioning 
and  the  operational  life  of  the  system  is  more  than  the  redesign  expendi- 
ture, it  is  the  best  way  to  go.  But  in  most  cases,  a  saving  will  not 
generally  occur  because  the  first  user  normally  has  performed  an  analysis 
of  the  system  and  chosen  an  optimal  solution.  Nevertheless,  the  storage 
cost  and  labor  cost  difference  between  the  first  and  second  users  can 
make  the  difference, 

D,  REPAIR-DISCARD  DECISIONS 

Decisions  to  repair  or  discard  the  spare  parts  when  they  fail  or  mal- 
function are  major  supoort  decisions  which  should  be  considered  prior  to 
the  time  of  failure.  This  analysis  should  be  included  during  LSA,  since 
various  other  support  decisions  affect  the  economics  of  the  repair/ discard 
decision  and  conversely.  The  decision  to  repair  or  discard  can  have  a 
significant  impact  on  operational  readiness  postures  to  sustain  military 
missions  as  a  consequence,  the  objective  of  the  analysis  should  be  to 
maximize  military  effectiveness  or  operational  readiness  without  sacrific- 
ing economic  balance  among  major  facets  of  logistic  support . 


39 


1.  Decision  Points 

Five  major  decision  points  can  be  identified  in  the  life  cycle 
where  the  repair/ discard  decision  might  logically  be  considered  and  are 
shown  as  circles  in  Figure  5. 

a.  Development  of  Design  Specifications 

This  is  thedevelopment  of  design  procurement  specifications 
which  may  include  specific  requirements  for  spare  parts  to  be  designed 
as  a  reparable  or  as  a  discard. 

b.  Initial  Design  or  Spare  Selection 

This  is  the  actual  design  or  selection  of  spare  parts  which 
are  either  capable  of  being  repaired  or  specifically  designed  as  discards , 
For  a  second  user,  unless  he  considers  a  redesign  of  the  spare  parts, 
these  first  two  decisions  have  already  been  done. 

c.  Initial  Source  Coding  (for  Provisioning) 

This  is  designating  the  spare  parts  as  a  reparable  or  as  a 
non-reparable,  generally  at  the  time  of  initial  provisioning.  As  it  is 
stated  in  earlier  chapters,  the  second  user  can  make  his  decision,  as 
much  as  the  spare  part  configurations  allow. 

d.  Coding/Design  Review 

This  is  a  review  of  the  repairability  code  or  the  design 
configuration  any  time  after  the  spare  part  has  been  entered  into  the 
military  supply  system.  For  example,  the  repair  capabilities  of  the 
user's  maintenance  units  can  force  a  repair  decision  to  change  to  discard. 

e.  Repair  Action 

This  is  a  decision  to  repair  or  discard  an  individual  repair 
part  at  the  time  it  has  failed  or  is  malfunctioning,  and  is  usually  a 
function  of  how  many  times  it  has  been  previously  repaired.  Most  repair 
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Figure  5.  Repair/Discard  Decision  Points  [Ref.  7], 
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parts  eventually  reach  a  point  where  it  is  no  longer  economical  to 
attempt  another  repair. 

2.  The  Decision  Process 

A  mathematical  decision  model  can  be  developed  which  depends  on 

A 

applicable  cost  elements.  These  elements  are  as  follows  [Ref .  7] : 


U^  ^ v 


Design  cost  ^     L 

•  Initial  end  item  procurement  cost 

•  Replacement  cost 

•  Preventive  maintenance  and  operational  cost 

•  Corrective  maintenance  cost 

•  Supply  cost 

•  Cost  of  specialized  corrective  maintenance,  tools  and  test 
equipment 

•  Documentation  cost 

•  Training  cost 

•  Disposal  value 

For  example,  a  simple  mathematical  decision  model  for  first 
decision  point  (Development  of  Design  Specifications)  could  be: 

Al  +  Pui  >  *2  +  (p  +  V  U2 

where 

A,  =  Reparable  design  cost 

p  =  Spare  part  population 

U,  =  Unit  cost  of  reparable  spare  part 

A^   =  Discard  design  cost 

Y9   =  Anticipated  number  of  failures  over  System  Life  Cycle  for 
discard  design 

U«  =  Unit  cost  of  discard  type  spare  part 
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If  the  analysis  shows  that  the  inequality  is  correct  then  it  is 
appropriate  to  go  with  a  discard  type  design,  otherwise  a  reparable  de- 
sign is  appropriate.  Reference  7  presents  the  whole  decision  model  (for 
each  decision  point)  in  mathematical  equations. 

But  prior  to  this  analysis,  an  effective  screening  process  should 
be  utilized,  because  in  some  case,  the  screening  process  can  indicate, 
that  there  is  no  economic  difference  between  the  repair  and  discard 
choices. 

The  result  of  this  screening  process  would  obviously  be  one  of 
the  following  [Ref ,  7]  : 

•  An  immediate  repair  or  discard  choice. 

•  Exhaustive  economic  analysis  prior  to  a  decision. 

•  Deferring  the  decision  to  the  next  point  in  the  life  cycle  where 
it  can  be  done. 

There  are  two  general  screening  rules  applicable  to  all  decision 
points: 

•  Assume  that  the  spare  part  will  be  repaired  until  a  discard 
choice  has  been  justified, 

•  Direct  the  analysis  initially  toward  the  highest  level  of 
assembly  (i.e.  LRU).  Then  if  the  decision  has  been  made  to  repair  this 
spare  part  direct  the  analysis  to  next  lower  level  (i.e.  SRU). 

Finally,  the  repair/ discard  decision  process  should  consist  of 
four  major  steps  [Ref.  7] : 

•  Determine  the  constraints  over  the  repair/ discard  decision. 

•  Determine  the  decision  prerogatives  (i.e=  reliability  vs.  unit 
cost  or  preventive  vs.  corrective  maintenance  or  level  of  maintenance) 
which  should  be  exercised. 
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•  Apply  screening  rules  before  subjecting  items  to  an  exhaustive 
economic  analysis. 

•  Make  the  repair/ discard  decision  (if  it  has  not  already  been  made) 
by  conducting  an  exhaustive  economic  analysis  exercising  appropriate 
related  decision  prerogatives  through  integrated  decision  analysis  to 
obtain  an  optimum  balance  among  support  economy,  military  effectiveness, 
and  operational  readiness. 
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V,  PROVISIONING  MODELS* 


Niroerous  computer  simulation  models  have  been  developed  for  mainte- 
nance and  support  related  provisioning .  Two  of  them  have  been  studied 
in  this  thesis; 

(1)  The  SYSTEOON  AB  (Sweden)  OPUS  procedure;  a  fairly  new  model 
which  is  becoming  popular  in  the  USA  in  recent  years, 

(2)  The  RAND  CORP.  (US)  METRIC  models;  which  were  developed  during 
the  sixties  and  are  well  known  in  the  "logistic  community", 

Following  a  description  of  the  general  procedures  to  implement  the 
computer  models  and  brief  descriptions  of  the  models,  a  comparison  be- 
tween them  is  presented  to  identify  the  advantages  and  disadvantages  of 
each  and  their  applications  to  real  world  situations. 

A.   THE  UECISION-.MAKING  PROCESS 

In  almost  all  the  computerized  models  for  decision-making,  there  are 
basic  steps  to  be  made  by  the  analyst  and  by  the  decision-maker.  These 
steps  are: 

•  To  define  and  to  structure  the  problem. 

•  To  collect,  to  screen  and  to  edit  the  input  data. 

•  To  utilize  the  computer, 

•  To  evaluate  the  output  data, 

•  To  oresent  conclusions  and  recommendations. 


*  The  USA  Department  of  Defense  does  not  accept  these  models  for 
provisioning  determination  by  the  Services, 
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These  steps  are  not  necessarily  one  single,  straight  through  sequence. 
Iterations  must  usually  take  place.  The  evaluation  of  the  first  computer 
run  may  show  the  need  for  more  extended  computer  runs,  and  that  in  turn 
may  necessitate  the  collection  of  more  input  data. 

The  first  step  should  result  in  a  specification  of  what  should  be 
covered  by  the  model  in  an  actual  application.  This  specification  should 
state : 

•  The  types  of  spares  to  be  included. 

•  The  organizational  structure  to  be  studied,  with  regard  to  the 
maintenance  andspares  support  of  the  equipment. 

•  The  assumptions  to  be  studied  with  regard  to  the  deployment  and 
the  operation  of  the  equipment. 

•  The  extent  to  which  input  data  should  be  tested  for  the  effect 
that  the  uncertainty  in  their  estimated  values  will  have  on  the  output 
data. 

•  The  special  conditions  to  be  observed  when  the  computer  runs  are 
made  and  when  the  output  data  is  evaluated,  with  regard  to  the  input 
data,  such  as: 

•  •  The  deployment  and  the  operation  of  the  systems. 

•  •  The  structure  of  the  maintenance  and  the  support  organizations, 

•  •  The  structure  of  the  end  items. 

The  data  collection  and  the  screening  of  the  input  data  are  steps 
which,  in  any  application,  require  most  of  the  time  and  the  work.  The 
data  have  to  be  gathered  from  different  sources,  including  contractors. 
The  data  quality  has  an  immediate  impact  on  the  quality  of  the  output. 
A  sensitivity  analysis  using  the  model  may  help  in  evaluating  the  rela- 
tive importance  and  impact  of  each  type  of  input  data. 
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The  computer  utilization  and  the  output  data  evaluation  are  usually 
an  iterative  process  which  requires  further  analysis. 

The  final  step  is  usually  part  of  a  broader  process  of  decision 
trade-offs.  Cost-effectiveness  curves  or  tables  are  studied,  and  con- 

" 

elusions  are  made  about  the  possibilities  of  making  trade-offs  between 
desired  level  of  effectiveness  and  existing  budget  constraints.  The 
optimal  solution  depends  on  many  and  should  include  engineering  as  well 
as  managerial  judgement.  This  judgement  is  based  on  the  results  from 
the  analysis  and  on  considerations  of  the  underlying  assumptions. 

The  cost  of  using  a  computerized  model  depends  on  (1)  the  work  re- 
quired to  extractthe  relevant  input  data  from  the  producer  and  from  the 
user;  and  on  (2)  the  work  included  in  the  valuation  process  of  the  input 
data  and  (3)  the  amount  of  (CPU)  processing  time.  Furthermore,  the 
conplexity  of  the  equipment  under  consideration  has  a  major  influence 
on  the  workload  and,  as  a  result,  on  the  cost.  However,  the  larger  the 
system  the  greater  the  benefit  and  the  effectiveness  that  can  be 
achieved  by  using  such  models  [Ref .  8] . 

B.  THE  OPUS  PROCEDURE 
1.  Background 

The  CPUS  procedure  was  developed  as  a  computer-based  aid  for 
certain  classes  of  decisions  on  spare  parts  provisioning.  The  main  com- 
puter model,  CPUS,  was  initially  developed  by  Systecon  AB  in  1970,  a 
consultant  company  to  the  Swedish  Government,  as  an  in-house  sponsored 
project.  The  further  development  over  the  years  of  that  model  and  other 
models  associated  with  it  have  been  done  under  contracts  to  the  Navy  and 
the  Air  Force  Material  Departments  of  the  Swedish  Defense  Material  Adnrui- 
istration,  and  the  Military  Electronics  Laboratory.  In  the  Unites  States, 
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ITT  Gilfillan  has  utilized  the  program  so  far,  and  it  has  been  recently 
installed  at  Northrop  (both  are  in  the  Los  Angeles  area),  and  at  the 
Naval  Postgraduate  School. 

The  OPUS  procedure  has  been  used  in  several  hundred  applications 
pertaining  to  more  than  100  different  systems,  among  which  are  electronic 
equipments  for  aircrafts,  helicopters,  naval  ships,  and  ground  stations, 
as  well  as  missiles  and  aircraft  engines.  The  purposes  of  these  appli- 
cations have  ranged  from  evaluations  of  proposals  of  new  equipment  to 
logistic  support  analysis  of  systems  in  the  production  stage. 
2.  Introduction 

The  core  of  the  OPUS  procedure  is  a  family  of  computer  models, 
the  development  of  which  started  in  1970.  Since  then,  these  models  have 
been  gradually  refined  to  meet  new  requirements  generated  by  a  growing 
nunber  of  different  applications.  The  phrase  "OPUS  procedure"  has  been 
coined  to  stress  the  fact  that  the  actual  exercising  of  a  computer  model 
usually  incurs  the  least  part  of  the  total  cost  for  performing  an 
analysis. 

A  major  part  of  the  procedure  cost  will  be  incurred  while  pre- 
paring the  input  data  for  computer  models,  exercising  them,  and  evaluat- 
ing their  output  data.  This  cost  has  to  be  compensated  by  either  actual 
savings  experienced  in  deciding  on  the  level  of  investment  necessary  to 
achieve  a  certain  predetermined  level  of  readiness  for  the  end  item  or 
the  assessed  savings  (through  the  increased  readiness  of  the  end  item) 
for  a  given  investment  level  with  regard  to  provisioning  of  spares  „ 

The  OPUS  procedure  was  designed  to  study  SYSTEMS  (END  ITEMS) 
with  two  indenture  levels  [Ref .  8] : 
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•  LINE  REPLACEABLE  UNITS  (LRU) 

•  SHOP  REPLACEABLE  UNITS  (SRU) 

3.  Types  of  Problems 

The  OPUS  procedure  has  shown  itself  to  be  a  flexible  and  useful 
analysis  tool  with  regard  to  the  following  types  of  problems  [Ref .  9]  : 

•  Cost-effectiveness  evaluation  of  alternative  maintenance  and 
support  concepts  and  alternative  system  configurations. 

•  Initial  procurement  of  LRU's  and  SRU's,  and  their  allocation 
within  a  support  organization. 

•  Reallocation  of  given  assortment  of  LRU's  and  SRU's. 

•  Replenishment  procurement  of  LRU's  and  SRU's, 

•  Reallocation  of  a  given  assortment  of  LRU's  and  SRU's  and 
initial  procurement  of  new  types  of  LRU's  and  SRU's. 

4.  Measures  of  Effectiveness 


OPUS  VII  offers  the  user  the  option  of  selecting  one  of  the  fol- 

ng 


lowing  Measures  of  Effectiveness  (MCE),  depending  upon  the  specific  type 


of  problem  being  studied  [Ref.  9] : 

•  Probability  of  successful  mission. 

•  System  operational  availability, 

•  Mean  waiting  time  for  a  spare  part. 

•  Risk  of  shortage  of  a  spare,  when  it  is  demanded, 
5.  OPUS  Characteristics 

OPUS  VII  has  the  following  special  characteristics  [Ref.  9]: 

•  It  is  capable  of  handling  a  mixture  of  different  types  of  LRU 
and  SRU,  which  may  be  parts  of  different  kinds  of  systems,  and  the  asso- 
ciated set  of  rules  on  where  these  spares  may  be  stocked  and  repaired 
within  a  given  maintenance  and  support  organization. 
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•  It  is  capable  of  handling  a  complex  maintenance  and  support 
organization  with  an  arbitrary  number  of  echelons,  each  consisting  of  an 
arbitrary  number  of  repair  and/or  stock  points,  and  with  a  complex  mix- 
ture of  support  flows, 

•  It  is  capable  of  exploring  a  wide  range  of  feasible  invest- 
ment levels,  in  one  single  run,  and  also  finding  the  optimal  allocations 
of  stocks  of  LRU's  and  SRU's  to  the  different  stock  points  of  the  support 
organization  for  every  such  investment  level. 

•  It  allows  the  user  the  option  of  choosing  one  of  four  differ- 
ent MOE's,  as  stated  above. 

•  Finally,  it  allows  different  types  of  systems  to  be  treated 
simultaneously . 

6.  Basic  Assumptions 

The  basic  assumptions  which  have  been  used  in  the  OPUS  VII  model 
are  as  follows  [Ref ,  9] : 

•  The  demands  are  Poisson  distributed, 

•  The  mean  values  of  the  turnaround  times  are  known. 

•  A  failure  of  one  type  of  item  is  statistically  independent 
of  those  that  occur  for  any  other  type  of  item. 

•  Repair  times  are  statistically  independent. 

•  No  batching  of  items  before  repair, 

•  In  case  the  system  is  an  electronic  equipment,  it  is  assumed 
that  the  SRU's  in  an  LRU  are  in  series,  and  the  LRU's  in  a  system  are 
also  in  series. 

7.  OPUS  Optimization  Technique 

A  central  part  of  the  optimization  procedure  used  in  the  OPUS 
model  is  the  use  of  cost-effectiveness  (C-E)  curves.  The  measure  of 
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effectiveness  (MOE)  is  considered  as  a  function  of  all  the  individual 
stock  levels,  given  all  the  otherrelevant  parameters  which  describe  the 
activities  and  the  support  flow  of  the  maintenance  organization „  The 
measure  of  cost  is  the  total  investment  in  LRU's  and  SRU's,  which  are  to 
be  distributed  in  the  maintenance  organization.  Points  on  a  C-E  curve 
are  established  according  to  the  following  optimization  criteria: 

For  a  given  value  of  the  total  investment,  determine  values  on 
all  stock  levels  such  that  the  measure  of  effectiveness  is  minimized  or 
maximized  [Ref .  9] . 

3.  Input  Data 

* 
a.  System  Data 

The  following  types  of  end  item  data  have  to  be  specified 


[Ref.  9] 


(1)  SRU-Data 

•  Number  of  different  types  of  SRU 

•  For  each  type:  replacement  rates,  and  unit  price 

(2)  LRU-Data 

•  Number  of  different  types  of  LRU 

•  For  each  type:  replacement  rates,  and  unit  price 

•  For  each  type  that  is  modularized  into  SRU's:  iden- 
tification of  those  types  of  SRU  it  contains,  and 
the  number  of  units  of  every  such  type 

(3)  System-Data 

•  Number  of  different  types  of  systems 


An  example  of  system  data  (with  3  systems)  is  included  in  Appendix  B. 
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•  For  each  type:  identification  of  those  types  of 
LRU  it  contains,  and  the  number  of  units  of  every 
such  type 

b.  Support  Organization  Data 

(1)  Demand  Generating  Stations,  DGS 

They  are  shown  as  DGS-1  through  DGS-4  in  Figure  6.  The 
following  types  of  input-data  must  be  specified  for  each  Demand  Generat- 
ing Station,  DGS  [Ref .  9] : 

•  A  reference  to  the  nearest  superior  Support  Station, 
SS. 

•  Identification  of  the  different  types  of  systems 
allocated  to  the  DGS,  and  the  number  of  each.  Each 
system  is  also  given  a  specific  "utilization  rate", 
as  mentioned  above. 

•  Fault  location  time. 

•  Time  to  repair  the  system  by  removing  and  replacing 
a  defective  LRU  including  subsequent  check-out  time, 

•  Time  to  have  a  spare  unit  delivered  from  the 
superior  Support  Station,  given  no  shortage  exists. 

(2)  Support  Station,  SS 

They  are  shown  as  SS-1  through  SS-8  in  Figure  6.  The 
following  types  of  input-data  must  be  specified  for  each  Support  Station, 

SS  [Ref.  9] : 

•  A  reference  to  one  or  several  other  Support  Stations, 
to  which  propagated  demands  are  addressed, 

•  A  discrete  propagated  demand  probability  distribu- 
tion, defined  on  those  other  Support  Stations, 
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•  Identification  of  the  different  types  of  LRU  and/ or 
SRU  which  may  be  kept  in  stock.  Each  of  these  types 
has  a  specific  repair-factor,  which  is  the  propor- 
tion of  defective  units  that  are  to  be  repaired  at 
this  station. 

•  Fault  isolation  time  for  every  type  of  LRU  and  SRU, 

•  Time  for  removing  and  replacing  a  defective  unit, 
including  subsequent  check-out  time* 

•  Time  to  repair  a  LRU  or  SRU,  if  repaired  at  this 
station. 

•  Time  to  have  a  spare  unit  delivered  from  the  superior 
Support  Station,  given  no  shortage  exists  there. 

(3)  End  Support  Station,  ESS  (Depot  Level) 

It  is  shown  as  Depot  in  Figure  6.  An  End  Support  Sta- 
tion is  similar  to  a  Support  Station,  with  the  exception  that  demand  is 
not  propagated  to  any  other  Support  Station  [Ref .  9] . 
9.  Related  Models 

For  large  problems  that  OPUS  VI I  cannot  handle  in  a  single  run, 
the  system  can  be  divided  to  several  sub-systems  (at  the  LRU's  level). 
The  output  for  each  sub-system  from  the  OPUS  VTI  program  is  used  as  an 
input  to  a  program  named  OPUS  VTI-W,  which  gives  the  total  results  for 
the  original  problem.   (The  output  from  OPUS  VTI  when  defined  is  in  the 
form  of  punched  cards.)  [Ref.  8] 

C,  METRIC— A  MULTI -ECHELON  TECHNIQUE  FOR  RECOVERABLE  ITEM  CONTROL 
lo  Introduction 

The  USAF  has  provided  the  RAND  Corporation  with  a  unique  oppor- 
tunity to  study  a  logistics  system  in  detail  and  to  develop  some  cost- 
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effectiveness  management  techniques.  It  seems  that  the  major  factors 
that  have  made  it  possible  for  the  RAND  Corporation  to  develop  these 
models  are: 

•  Air  Force  funds  over  a  15-year  period;  and 

•  a  broad  charter  from  the  Air  Force  to  investigate  problems  that 
RAND  feels  are  important  [Ref .  10] . 

The  family  of  models  appears  to  be  general  enough  to  be  appli- 
cable to  other  military  services,  to  contractors  who  are  concerned  with 
IIS,  and  to  medium-sized  companies  engaged  in  manufacturing  and  distri- 
bution. 

The  models  are  supply  related,  but  in  the  broadest  sense,  they 
include  maintenance  and  operations.  They  address  the  problem  of  what 
and  when  to  buy,  where  to  place  material,  and  where  and  when  to  repair. 

Each  model  is  designed  to  run  on  a  computer.  They  are  analytic 
and  normative  in  the  sense  that  they  can  analyze  alternative  support 
situations. 

The  models  are  based  on  and  developed  from  the  Base  Stockage 
Model  (BSM)  developed  at  RAND.  The  BSM  optimizes  budget  allocation 
across  a  group  of  repairable  spare  parts  used  at  one  base,  It  was 
proved  that  the  potential  dollar  savings  possible  using  the  BSM  were 
enormous  [Ref.  10] . 

Several  important  breakthroughs  by  the  RAND  staff  enabled  the 
construction  of  the  models.  To  mention  only  two  of  them:  (1)  a 
practical  formulation  of  a  two-echelon  problem  where  the  stock  levels 
at  the  several  bases  and  the  supporting  depot  are  jointly  optimized  over 
a  group  of  items;  (2)  a  Bayesian  procedure  that  leads  to  significantly 
better  decisions  for  items  with  low  demand  (the  majority  of  items) 
[Ref.  11]. 
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2.  The  Models 

The  family  of  integrated  support  models  developed  by  RAND  is  de- 
scribed in  the  following  table  [Ref .  10] : 

TABLE  I,  Metric  Family  Models 


MODEL 

NAME 

SHORT  DESCRIPTION 

BSM 

Base  Stockage  Model 

Budget  allocation  optimization 
of  repairable  spare  parts  used 
at  one  base. 

SCAM 

Source-Coders  Cost 
Analysis  Model 

Repair/Discard  and  Repair 
level  decisions. 

METRIC 

Multi-Echelon  Technique 
for  Recoverable  Item 
Control 

Base-Depot  supply  system: 

-  optimization  of  stock  levels 

-  allocation  of  fixed  stock 
levels 

-  evaluation  (C-E)  of  given 
allocation  of  stock  levels. 

MINE 

Multi-Indenture  NORS 
Evaluator 

Evaluation  of  the  expected 
number  of  aircraft  not 
operationally  ready  (NORS) 
due  to  supply, 

RTM 

Real-Tune-METRIC 

Complements  METRIC  in  a  cen- 
tralized or  "push"  system 
for  recoverable  item 
distribution. 

RPM 

Repair-Priorities  Model 

Buy/Repair  decisions.     A 
variant  of  RTM  which  computes 
system  "need"  for  each  item 
over  a  planning  period. 
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Of  this  family  of  models,  METRIC  is  the  best  known  and  most  ap- 
plicable for  provisioning  problems.  It  is,  though,  controversial  in  the 
sense  that  it  was  the  first  model  to  consider  the  problem  of  multi- 
echelon,  multi-item  inventory  control,  and  had  some  limitations  that  for 
some  years  made  it  useful  only  for  a  specific  application  (i.e,  the  USAF 
support  organization)  [Ref.  11].  As  a  result,  other  models  were  developed 
in  order  to  give  an  answer  to  these  limitations.  Still  other  models  were 
developed  using  approximations  in  order  to  decrease  the  computation  re- 
quirements of  the  model  and  so  to  decrease  the  cost  of  computer  runs  with 
minor  decrease  in  the  accuracy.  Basically,  these  models  have  the  same 
features  and  assumptions  associated  with  METRIC,  but  with  improved  mathe- 
matical development  [Ref,  12] „ 

These  improved  models  are  MOD-METRIC  (Multi-Item,  Multi-Echelon, 
Multi-Indenture  Inventory  System)  and  the  Consolidated  Support  Model  (CSM: 
A  Three  Echelon,  Multi-Item  Model  for  Recoverable  Items)  [Refs.  13  and  14] . 

CSM  was  developed  recently  and  has  not  been  implemented  yet.  The 
computer  program  for  the  model  is  undergoing  final  testing  and  validations 
at  the  USAF  [Ref.  14] , 

MOD-METRIC,  on  the  other  hand,  has  been  implemented  by  the  USAF 
as  the  method  for  computing  recoverable  spare  stock  levels  for  the  F-15 
weapon  system  [Ref.  13].  MOD-METRIC  is  an  extension  of  METRIC,  which  re- 
places METRIC  and  permits  the  explicit  consideration  of  a  mult-indenture 
structure.   (This  is,  from  the  application  point  of  view,  the  major  differ- 
ence between  METRIC  and  MOD-METRIC.  Therefore,  in  the  further  discussion 
only  the  acronym  METRIC  is  used. )  Another  area  in  which  MOD-METRIC 
differs  from  METRIC  is  in  oneof  the  assumptions  made  in  METRIC,  namely 
that  items  are  normally  considered  to  be  equally  essential,  while  in 
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MOD-METRIC,  because  of  the  int roduction  of  indentured  parts  structure, 
the  essentiality  in  each  level  of  items  (LRU's/SRU's)  may  be  defined 
differently  [Ref .  13] „ 

3.  The  Description  of  METRIC  [Ref.  15] 

METRIC  is  a  model  for  determing  both  requirements  and  distribu- 
tion of  recoverable  items  in  a  two-echelon  support  organization  (Fig.  7). 
The  objective  of  this  model  is  to  determine  the  base  and  depot  stock 
levels  which  minimize  total  expected  base  level  backorders  for  a  specific 
set  of  items  and  bases  subject  to  an  investment  constraint. 

a.  Types  of  Problems 

•  Optimization  of  stock  levels  (depot  and  bases). 

•  Evaluation  of  the  expected  number  of  backorders  for  a 
fixed/ given  stock  at  bases  and  depot. 

•  Redistribution/ Allocation  to  bases  and  depot  of  a  given 
total  stock,  such  that  expected  number  of  backorders  is 
minimized. 

These  problems  are  important  to  solve  at  different  stages  of  the  system 
life  cycle. 

b.  Measures  of  Effectiveness 

The  choices  of  C-E  target  is  between 

•  Total  dollars  of  investment,  or 

•  Expected  number  of  backorders  per  item. 

An  intermediate  target  may  be  one  that  reduces  both  backorders  and  invest- 
ment. This  can  be  done  by  changes  in  the  problem  structure  and  compari- 
son between  the  results. 
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c.  Characteristics  and  Features 

The  METRIC  family  of  models  allows  the  user  the  consideration 
of  a  Base-Depot  supply  system  for  determination  of  stockage  policy  of 
recoverable  items  which  are  characterized  by  high  cost/low  demand*  The 
model  uses  past  demand  data,  but  combines  them  with  estimates  of  future 
program  requirements  to  anticipate  buildups  or  phaseouts.  It  can  also 
handle,  through  a  Bayesian  procedure,  initial  estimated  data  with  or  with- 
out past  demando  Finally,  METRIC  provides,  a  device  for  analysis  of  al- 
ternative support  structures,  and  different  levels  of  support  effective- 
ness depending  on  the  weapon  system. 

d.  Input  Parameters 

Various  data  are  required  as  input  parameters  to  the  model. 
These  are  the  average  base  and  depot  repair  times  for  each  item,  unit 
costs,  certain  probability  distribution  parameters,  Not-Reparable-This 
Station  (XRTS)  rates,  and  average  order  and  ship  times.  Minimum  and 
maximum  stock  levels  can  be  specified.  A  full  description  of  the  input 
data  and  their  preparation  can  be  found  in  the  documentation  published 
by  RAND  on  the  METRIC  CQMPLTERPRCGRAM  [Ref .  16] , 

The  input  data  is  determined  in  three  levels: 

•  By  system 

•  By  item 

•  By  item  and  base. 

The  computerprogram  requirements  for  the  input  data  format  are  quite 
flexible  (i.e.  the  model  is  not  sensitive  to  input  data). 

e.  Basic  Assumptions 

The  following  assumptions  are  made: 

•  The  demand  for  each  item  is  Compound  Poisson  distributed. 

•  There  is  no  lateral  resupply  between  bases. 
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•  All  failed  parts (System/LRU' s/SRU's)  are  repaired, 

•  A  failure  of  one  type  of  item  is  statistically  independent 
of  those  that  occur  for  any  other  type  of  itemQ 

•  Repair  times  are  known  and  statistically  independent. 

•  There  is  no  batching  of  items  before  repair  is  started. 

•  The  level  at  which  repair  is  performed  depends  only  on  the 
complexity  of  the  repair  (and  not  on  the  workload  at  each 
level ) . 

D.  A  0DMPARISON  BETWEEN"  OPUS  AND  MOD-METRIC 

Since  NPS  did  not  have  METRIC  and  its  related  computer  programs,  it 
was  not  possible  in  the  time  available  for  this  research  to  prepare  a 
complete  comparison  between  the  OPUS  procedure  and  MOD-METRIC,  using  the 
same  set  (or  equivalent  set)  of  data.  Fortunately,  ITT  Gilfillan  is  a 
user  of  both  OPUS  and  METRIC.  Therefore,  their  experience  is  used  to 
summarize  the  major  differences  between  these  two  models  from  an  appli- 
cation point  of  view. 

A  comparison  between  the  mathematical  models  and  their  underlined 
assizrptions  may  be  desirable  for  an  operations  research  type  study.  On 
the  other  hand,  it  may  be  interesting  to  have  an  idea  about  the  differ- 
ences in  the  results  from  each  model  for  the  same  (or  equivalent)  problem. 
In  general,  MOD-METRIC  appears  to  give  a  solution  which  is  about  20  to 
30  percent  more  "expensive''  (total  investment)  than  the  OPUS  model,  for 
the  same  situation.  The  reason  is  that  the  assumption  about  the  demand 
distribution  in  METRIC  is  more  realistic  although  it  requres  more  input 
data, 

Basically,  the  differences  between  characteristics  of  these  two  types 
of  models  are  summarized  in  the  following  table: 
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TABLE  II.  Characteristic  Comparison  between  CPUS  and  METRIC. 


SUBJECT 


OPUS 


METRIC 


REMARKS 


1.  Number  of  Echelons 
(Support  Organiza- 
tion) 

2.  Number  of  Indentures 
(Items) 

3.  Data  Preparation 


4.  Order  of  Input 


5.  End  Item  Operation 
Hours 

6.  Total  Cost  of 
Operation  (LCC) 

7.  Initialization  of 
provisioning 

8.  Evaluation  and 
Redistribution  of 
fixed  stock 

9.  Optimal  Solution 
Description 


Multi 


Two 


Requires 

more 
familiari- 
zation for 
user  to 
control 
the  model 


Sensi- 


(3) 


tive 
Included 


Not 
included 

Preferred 


Up  to  100 
points  on 
each  C-E 
curve 


Two 


(1) 


Two 


(2) 


Easier 
for  a 
beginner 


Flexible 


Included 


Included 


(1)  CSM  has  3 
echelons 


(2)  Only  in  CSM 
and  MOD-METRIC 


Preferred 


A  single 
point  for 
each  set 
of  para-,., 
meters^ 


(3)  The  input  data 
drive  the 
program 


(4)  The  budget  or 
the  expected 
backorders  are 
given 
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An  implementation  comparison  is  as  follows: 

1.  Data  Base  Construction 

MCD-METRIC  data  base  format  is  by  far  the  most  straightforward 
and  was  the  easiest  to  implement  at  the  onset  of  the  study.  It  became 
readily  obvious  that  this  format  would  be  cumbersome  if  larger  systems 
were  being  analyzed  where  commonality  existed  between  SRU's. 

After  a  short  familiarization  of  the  CPUS  data  base  structure, 
it  was  found  to  be  more  descriptive  and  flexible  in  comparison  to  the  MOD- 
METRIC .  For  example,  changing  parameters  for  an  SRU  in  the  OPUS  format 
requires  changing  one  record  (an  80  column  card)  where  to  make  the  same 
change  in  MOD-METRIC  requires  changing  2  records,  From  this  small  ex- 
ample, it  can  be  seen  that  large  data  base  management  would  be  simpler 
and  less  time  consuming  task  when  using  0PUSo 

2.  Analysis  Techniques 

MOD-METRIC  optimizes  one  LRU/SRU  group  at  a  time  for  a  given 
Maintenance  and  Support  (M&S)  organization.  The  M&S  organization  may  be 
changes  for  each  LRU/SRU  group  along  with  any  or  all  program  control 
parameters.  The  main  disadvantage  of  this  is  the  non-optimization  be- 
tween LRU/SRU  groups  and  inability  to  sense  this  relationship  in  an  over- 
all system  measure  of  effectiveness. 

OPUS  is  a  more  sophisticated  model  offering  extreme  flexibility 
in  M&S  organization  description  and  hardware  configuration  alternatives. 
OPUS  optimizes  the  entire  problem  to  any  of  several  measures  of  effective- 
ness where  MOD-METRIC  will  only  optimize  one  LRU/SRU  group.  The 


Implementation  comparison  was  provided  by  ITT/Gilfillan  Logistics 
Department,  which  uses  both  models 0 


63 


optimization  techniques  used  in  OPUS  allow  for  a  more  rapid  and  practical 
analysis  versus  the  "number  crunching"  techniques  used  in  MOD-METRIC, 

In  sunnary,  both  models  have  actually  been  used  to  solve  provi- 
sioning problems.  METRIC  is  more  theoretically  sophisticated  than  OPUS, 
while  OPUS  is  more  readily  applied.  The  OPUS  model  seems  to  be  better 
suited  to  the  logisticians  needs.  Logistic  effects  of  hardward  design 
and  deployment  can  bereadily  quantified  in  spares  investment  for  a  given 
availability,  waiting  time,  }»RS  or  risk  of  shortage  enabling  OPUS  to  be 
used  not  only  as  a  provisioning  model  but  also  as  a  "design  tool". 

E.  RECOMMENDATIONS 

It  is  easy  to  see  that  either  OPUS  or  METRIC  can  provide  important 
advantages  to  their  users.  The  cost-effectiveness  curves  would  be  a  great 
help  in  defending  budget  requests  for  spare  parts  provisioning.  The  uti- 
lization of  parameters  such  as  unit  cost  and  method  of  demand  prediction, 
together  with  parameters  about  maintenance  and  support  organization, 
would  provide  better  stockage  decisions. 

The  procedure  of  calculating  stock  levels  at  the  bases  and  the  depots 
of  a  joint  organization  provides  a  much  better  policy  than  the  usual 
single  items,  single  inventory  techniques.  The  utilization  of  one 
standard  procedure  for  both  requirements  and  distribution  should  help  to 
solve  many  of  the  interface  problems  that  exist  in  the  logistics  support 
environment.  By  using  these  types  of  models  to  make  decisions  during 
the  system  design  phase,  as  an  iterative  proces  between  the  designers 
and  the  logistics  people,  they  should  improve  some  of  the  design  para- 
meters in  conjunction  with  the  logistics  support  requirements  and,  by  so 
doing,  they  should  improve  the  total  life  cycle  cost  of  the  weapon  system. 
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VI.  UTILIZATION  OF  OPUS 

In  this  part  of  the  thesis,  the  OPUS  model  is  utilized  to  make  a 
sensitivity  analysis  of  the  structure  of  the  maintenance  and  support 
organization.  Because  of  the  difficulty  in  gathering  real  world  data 
for  computer  runs,  hypothetical  data  based  on  realistic  assumptions 
have  been  generated.  In  addition,  a  few  assumptions  are  made  for  the 
analysis . 

•  Equipment  systems  are  considered  to  be  in  existence  (they  are 
already  manufactured),  thus  system  data  is  known. 

•  The  inventory  deployment  policy  is  considered  known  (which  system, 
how  many,  to  which  DGS). 

Thus,  the  purpose  of  the  analysis  is  to  determine  the  organizational 
structure  and  repair  and  stockage  policy  for  each  station  that  would 
result  in  the  highest  effectiveness  figure  to  the  user.  This  effective- 
ness figure  is  computed  for  systems  at  the  operational  site. 

The  main  idea  was  to  illustrate  the  analysis  results  to  the  reader, 
However,  seme  difficulties  were  encountered  in  the  computer  outputs  when 
the  OPUS  was  run  on  the  IBM  360  at  the  Naval  Postgraduate  School,   (The 
program  was  orginally  programmed  for  the  CDC  computer  in  Sweden,)  Thus, 
what  was  done,  including  some  computer  outputs  (in  Appendix  B),  is  pre- 
sented below. 

A.  SYSTEM  DATA 

Three  systems  are  used  in  the  analysis.  All  of  them  are  considered 
electronic  communication  systems,  are  called  SYSTEM  1,  SYSTEM  2,  and 
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SYSTEM  3  and  represent  a  High  Frequency  (HF),  an  Ultra  High  Frequency 
(UHF),  and  a  Very  High. Frequency  (VHF)  unit  respectively. 

There  are  37  different  types  of  SRU's  that  constitute  20  different 
types  of  LRU's,  Table  III  shows  which  type  of  SRU's  and  quantities  of 
each  type  are  in  each  LRU.  For  example,  LRU  1  has  no  SRU's,  LRU  2  has 
two  of  SRU  1,  one  of  SRU  2,  one  of  SRU  3  and  two  of  SRU  4  in  it.  Table 
IV  shows  the  price  and  the  failure  of  each  SRU,  For  example,  SRU  1  costs 
$100  and  its  failure  rate  is  0.2  in  a  million  hours. 

In  the  same  manner,  Table  V  shows  the  LRU's  constituting  a  system 
and  their  quantities.  For  example,  SYSTEM  1  consists  of  one  of  each 
LRU's  1  through  10.  Table  VI (a)  shows  LRU's  and  VI (b)  shows  system 
price  and  failure  rate  data,  as  in  Table  IV  for  SRU's. 

3.  OPERATIONAL  DATA 

There  are  four  types  of  ships;  Destroyers  (DD),  Mine  Sweepers  (MS), 
Submarines  (SS)  and  Fast  Patrol  Boats  (FP). 

There  are  15  of  DD,  20  of  MS,  10  of  SS  and  20  of  FP3  Each  snip  is 
considered  to  have  two  units,  one  operation  unit  (a  DGS)  and  an  on-board 
support  station  (an  OSS).  For  example,  a  DD  contains  a  Destroyer  Mainte- 
nance Unit  (DDM)  plus  a  Destroyer  Operation  Unit  (EDO).  Although  a 
ship's  mission  profile  is  fed  to  the  computer  as  support  station  data, 
it  is  included  here  in  operational  data. 

1.  Destroyer  Operation  Unit  (DDQ) 

This  unit  has  three  SYSTEM  1,  three  SYSTEM  2,  and  one  SYSTEM  3 
and  their  utilization  rates  are  40%  of  mission  time  for  each  SYSTEM  1, 
40%  of  mission  time  for  each  SYSTEM  2,  and  75%  of  mission  time  for 
SYSTEM  3.  Mission  time  for  a  DD(DDM  +  DDO)  is  168  hours;  this  means 
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TABLE  IV.  SRU  Price  and  Failure  Rate  Data 


SRD 

$/UNIT 

FAILURE  RATE 
( Failures/ 106  Hours) 

1 

100 

9.2 

2 

425 

11.5 

3 

375 

6.9 

4 

25 

4.6 

5 

900 

39.2 

6 

375 

"If?.  8 

7 

250 

10.7 

8 

650 

30.0 

9 

325 

4.2 

10 

450 

12.8 

11 

100 

17.1 

12 

100 

5.5 

13 

150 

7.5 

14 

250 

9.9 

15 

950 

50.2 

16 

800 

14.7 

17 

375 

9.2 

18 

250 

11.0 

19 

500 

30.4 

20 

375 

57.8 

21 

200 

71.0 

22 

50 

5.2 

23 

400 

59.0 

24 

250 

96.3 

25 

75 

24.5 

26 

55 

19.1 

27 

100 

36.8 

23 

250 

58.7 

29 

190 

106.6 

30 

87 

26.6 

31 

63 

75.8 

32 

77 

33.8 

33 

98 

79.0 

34 

20 

17.7 

35 

55 

26.6 

36 

35 

13.8 

37 

45 

27.1 
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TABLE  V.  LRU  Combination  for  Each  System 


\.  System 
LRU\ 

1 

2 

3 

1 

1 

2 

1 

3 

1 

4 

1 

5 

1 

6 

1 

7 

1 

8 

1 

9 

1 

10 

1 

11 

1 

1 

12 

1 

13 

1 

14 

1 

15 

1 

16 

1 

1 

17 

1 

13 

1 

19 

1 

20 

1 
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TABLE  VI .  LRU  and  System  Price  and  Failure  Rate  Data 


LRU 

3/UNIT 

FAILURE  RATE 
(Failures/106  Hours) 

1 

150 

6.6 

2 

1050 

46.2 

3 

2550 

112.2 

4 

1500 

66.0 

5 

1950 

85.8 

6 

1800 

79.2 

7 

750 

33.0 

8 

3000 

132.0 

9 

1875 

92.4 

10 

150 

6.6 

11 

75 

19.5 

12 

1200 

263.3 

13 

1500 

321.6 

14 

385 

136.5 

15 

690 

224.3 

-  16 

125 

9.3 

17 

350 

210.2 

18 

450 

231.4 

19 

200 

98.6 

20 

280 

161.1 

(a) 


SYSTEM 

3/UNIT 

FAILURE  RATE 
(Failures/10  Hours) 

1 

15000 

695.0 

2 

4000 

1000.0 

3 

1500 

750.0 

(b) 
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during  this  period  of  time  this  ship  can  not  be  supported  by  a  higher 
echelon  support  station, 

2.  Mine  Sweeper  Operation  Unit  (MSO) 

This  unit  has  one  of  each  SYSTEM,  and  their  utilization  rates 
are  100ft  for  SYSTEMS  1  and  2  and  75%  for  SYSTEM  3.  Mission  time  for  a 
MIS  (MSI  +  MSO)  is  24  hours  and  again  it  can  not  be  supported  by  higher 
echelon  support  stations  during  this  period., 

3.  Submarine  Operation  Unit  (SSO) 

The  unit  has  two  SYSTEM  1,  three  SYSTEM  2  and  one  SYSTEM  3  and 
their  utilization  rates  are  60%  for  each  SYSTEM  1,  40%  for  each  SYSTEM  2 
and  75%  for  SYSTEM  3a  Mission  time  for  a  SS  is  96  hours  and  it  can  not 
be  supported  by  higher  echelon  during  this  period. 

4.  Fast  Patrol  Boat  Operation  Unit  (FPO) 

This  unit  has  one  SYSTEM  1,  two  SYSTEM  2  and  one  SYSTEM  3  and 
their  utilization  rates  are  100%  for  SYSTEM  1,  60%  for  each  SYSTEM  2  and 
75%  for  SYSTEM  3,  Mission  time  for  a  FP  (FPM  +  FPO)  is  36  hours  and  it 
can  not  be  supported  by  higher  echelon  during  this  period* 

C.  MAINTENANCE  -AND  SUPPORT  ORGANIZATION  DATA  AND  ANALYSIS 

Three  types  of  organizational  structure  are  used  for  analysis.  Be- 
ginning with  Type  A  organization  (which  is  the  basic  organizational 
structure  with  no  intermediate  level)  the  structure  was  gradually  expanded. 
Each  organizational  structure  is  analyzed  with  several  different  repair 
and  stockage  policies. 

1,  Type  A  Organizational  Structure 

Figure  8  shows  the  Type  A  organizational  structure.  Four  types  of 
ships  (OSS  +  DGS)  are  supported  by  the  depot  directly.  The  ships  have  no 
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maintenance  capability,  but  they  have  a  supply  of  LRU's,  EDM  carries  16 
different  types  of  LRU's,  M5M  and  FPM  3  different  types,  and  SSM  9  differ- 
ent types  of  LRU's. 

The  depot  has  a  repair  facility  for  both  LRU's  and  SRU's,  and 
its  stockage  policy  is  changed  for  analysis.  First  no  stockage  is 
allowed;  later  all  LRU's  and  SRU's  are  allowed  to  be  stocked. 
2,  Type  B  Organizational  Structure 

Figure  9  shows  the  Type  B  organizational  structure.  Four  types 
of  ships  (OSS  +  DGS)  are  supported  by  four  Intermediate  Support  Stations 
(ISS),  Each  ISS  represents  a  tendership  which  supports  only  one  type  of 
ship  (i.e.  T1A  supports  only  CD's),  All  tenderships  (T1A,  T2A,  T3A,  T4A) 
are  supported  by  the  depot. 

Ship  maintenance  units  (OSS)  have  the  same  characteristics  as 
explained  in  organization  Type  A.  For  analysis,  only  ISS  and  depot  (or 
End  Support  Station  -  ESS)  stockage  and  repair  policies  have  been  subject 
to  changes.  In  the  first  run,  the  following  policy  is  tried: 

o  There  is  no  stockage  at  the  ESS  but  all  LRU's  and  SRU's  are 
repaired  there  and  returned  to  original  stockage  stations. 

o  There  is  no  repair  at  ISS's,  but  all  LRU's  and  SRU's  are 
stocked,  and  they  are  sent  to  ESS  for  repair, 

In  the  second  run,  some  repair  actions  are  added  at  the  ISS 
level  (e.g.  12  LRU's  are  allowed  to  be  repaired  at  ISS's  but  if  they  can 
not  be  repaired  at  the  ISS,  then  they  are  sent  to  ESS,) 

In  the  third  run  all  LRU's  and  SRU's  are  allowed  to  be  stocked 
at  ISS  as  well  as  some  LRU's  are  allowed  to  be  repaired  at  ISS's. 
3,  Type  C  Organizational  Structure 

Figure  10  shows  the  Type  C  organizational  structure.  In  this 
type  of  organization,  the  ships  are  allowed  to  go  to  ESS  directly  for 
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Figure  9.  Type  B  Organizational  Structure 
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support  (the  real  life  situation)  by  using  "dummy"  tenderships  in  the 
model  (i,e,  TTD,  T2D,  T3D,  T4D),  These  dummy  tenders  had  to  be  used 
because  the  model  does  not  allow  a  station  to  be  supported  by  second 
higher  echelon  without  going  through  first  higher  echelon . 

In  this  case  one  type  of  ship  is  supported  by  two  different  sta- 
tions (e.g.  a  ED  is  supported  by  both  T1A  and  T1D) .  Table  VII  gives 
for  each  ship  the  probability  of  being  supported  by  either  real  tender- 
ship  or  dummy  tendership.  For  example,  a  ED  is  supported  by  TLA  with 
0.75  probability  or  by  T1D  with  0.25  probability, 

The  same  policies  are  tried  for  Type  C  as  are  tried  for  Type  B 
organizational  structure.  In  the  first  run,  spare  parts  are  stocked  at 
ISS's  and  repaired  at  ESS,  In  the  second  run,  repair  of  some  (e.g.  12) 
LRU's  are  allowed  at  ISS's,  and  in  the  last  run  stockage  of  all  LRU's 
and  SHU's  are  allowed  at  ESS  (Depot). 
4.  Analysis  and  Example 

Table  VIII  shows  a  summary  of  the  organizational  structures  which 
were  to  be  analyzed.  However,  because  of  problems  discovered  with  the 
OPUS  computer  program  during  the  analysis,  the  work  could  not  be  com- 
pleted. Table  EX  shows  the  problems  discovered  in  each  run. 

Results  of  Run  No.  3  in  Table  IX  are  presented  in  Appendix  B. 
The  input  data  for  spare  parts  (LRU's  and  SRU's),  for  systems  and  for 
deployment,  and  organization  structure  data  are  presented  in  the  first 
four  pages.  The  next  page  shows  the  repair  and  stockage  policy  for  each 
SRU  and  LRU  at  a  support  station,  The  repair  policy  figures  are  given 
as  exponential  numbers  (0.1000  E  01  is  equal  to  1),  a  zero  means  there 
is  no  repair  for  the  SRU  or  LRU  at  this  station.  For  the  stockage  policy, 
a  star  (*)  or  (S)  means  that  the  SRU  or  LRU  is  allowed  to  be  stocked  at 
that  station. 
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In  the  remaining  pages,  computed  figures  for  optimization  (Cost- 
Effectiveness)  curves  and  allocation  tables  are  presented.  First  the 
turn  around  time  for  SHU  and  LRU  is  presented  followed  by  computed  demand 
rates.  The  next  three  pages  are  optimization  curves  with  explanations 
for  them  written  on  each  page.  Computation  of  a  second  optimization  curve 
begins  from  circled  points  on  the  first  curve  and  final  allocation  tables 
are  for  circled  points  on  the  third  optimization  curve .  The  circled 
point  on  upper  left  corner  of  each  curve  (near  the  top  edge  of  the  verti- 
cal axis)  represents  the  first  point  on  the  table  on  the  same  page, 
Similarly  the  last  circled  point  on  the  extreme  right  of  the  horizontal 
axis  of  each  curve  represents  the  last  point  on  the  table.  The  important 
thing  on  the  curves  is  that  the  axes  are  not  always  scaled  the  same;  the 
represent  arbitrary  values  and  not  dollars  for  investment .  That  is  why 
it  is  hard  to  determine  investment  and  waiting  time  (or  other  effective- 
ness figures)  from  the  curves  by  inspection,  but  the  real  values  are  given 
in  the  table  presented  on  the  same  page.  The  figures  in  the  C-E  curves 
(like  1,2,3 — 6,7,  etc.)  show  hew  many  points  there  are  in  the  area  which 
is  covered  by  the  number.  For  example,  circled  number  one  (  1  )  repre- 

i 

sents  one  point  in  this  area. 

The  tables  which  follow  these  three  curves  given  the  allocation 
of  each  SHU  and  LRU  to  the  support  stations  and  the  availability  for  each 
system  at  an  operation  unit  (DGS),  and  other  supplemental  data.  Total 
number  for  a  SRU  or  LRU  is  computed  as  follows: 

TOTAL  =  [The  number  at  DEP]  +  15  [The  number  at  DEM] 

+  20  [The  number  at  MSM]  +  10  [The  number  at  SSM] 
+  20  [The  number  at  FPM] 
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One  can  notice  that  the  program  begins  to  violate  stockage  policy 
at  Point  No,  16  by  stocking  LRU  12  at  SSM.  At  Point  No.  17,  it  continues 
to  violate  stockage  policy  by  stocking  LRU  5  at  MSM  and  FPM  and  at  Point 
No.  30  (last  allocation  table),  allocation  is  completely  out  of  policy, 

After  results  for  MOE:  0  are  presented,  the  results  for  MOE:  2 

are  given.  Only  the  C-E  curves  and  some  allocation  tables  are  included 

for  MOE:  2.  Stockage  policy  is  implemented  as  it  is  defined  in  the 

stockage  policy  table. 

5.  Summary  of  Difficulties  Encountered  with 
the  OPUS  Computer  Program 

•  When  problem  type  zero  (Initial  Procurement)  was  run  with  MOE:  0 
or  MOE:  2  and  when  "the  number  of  LRU's  to  be  stocked"  for  an  OSS  was  not 
defined  as  either  the  maximum  number  of  LRU's  or  zero,  the  program  de- 
faulted and  stopped. 

•  When  problem  type  zero  was  run  with  MOE:  0,  even  though  an  LRU 
was  defined  "not  to  be  stocked"  in  the  stockage  policy  data  for  an  OSS, 
the  program  eventually  stocked  it  at  that  station. 

•  When  there  were  6  support  stations  in  the  organization  structure, 
the  program  defaulted  and  stopped  when  it  came  to  print  the  final  (allo- 
cation) tables. 

•  When  the  "dummy"  stations  were  added  to  the  organization  structure, 
availability  suddenly  dropped  down  and  later  began  to  increase  while  in- 
vestment continued  to  increase. 

•  When  problem  type  10  (Replenishment  Procurement  of  Spares)  was 
run  with  MOE:  0  or  MOE:  2,  some  LRU's  were  overstocked  (more  than  1000) 
at  an  OSS. 
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Since  the  OPUS  program  has  also  been  installed  at  ITT/Gilfillan, 
they  were  asked  to  repeat  the  same  computer  runs.  They  obtained  the 
same  results  and  defaults.  After  a  conference  at  which  we  jointly  ex- 
amined the  results,  we  concluded  that  the  OPUS  computer  program  needs 
revision  to  overcome  the  problems  noted. 
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VII.  CONCLUSIONS 

Since  this  thesis  has  considered  two  related  subjects,  the  conclu- 
sions are  made  in  two  parts.  The  first  part  concerns  a  second  user's 
position  in  spare  part  provisioning  and  the  second  part  concerns  mainte- 
nance related  provisioning  models  and  their  utilization. 

A.  A  SECOND  USER  AND  SPARE  PART  PROVISIONING 

1.  Almost  all  the  producer  countries  for  major  systems  make  major 
system  decisions  these  days  based  on  the  total  System  Life  Cycle  concept 
and  its  associated  Life  Cycle  Cost.  But  most  of  the  "second  user" 
countries  are  not  aware  of  these  facts  and  are  still  making  comparisons 
between  systems  by  considering  their  acquisition  costs  rather  than  their 
life  cycle  costs.  The  fact  is  that  the  cost  accrued  during  the  use 
period  of  a  system  is  generally  far  greater  than  its  acquisition  cost. 
Thus  the  evaluation  of  a  system  should  be  made  based  on  the  total  system 
life  cycle  and  its  associated  cost. 

2.  As  a  part  of  the  system  life  cycle,  spare  part  provisioning  is 
an  important  issue  with  respect  to  cost.  With  the  exception  of  a  few 
non-recurring  activities  in  the  system  life  cycle  (e=g.  acquisition  of 
the  system,  building  facilities  for  the  system),  provisioning  is  a  re- 
curring activity  over  the  useful  operational  life  of  the  system  and 
naturally  its  cost  is  recurring  too.  Thus  the  system's  requirements 
with  respect  to  spare  parts  have  to  be  analyzed,  and  the  type  of  spare 
part  and  required  quantity  have  to  be  carefully  determined  to  make  an 
efficient  provisioning  decision.  This  would  keep  the  provisioning  cost 
down  each  time  spare  part  provisioning  is  done. 
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3,  The  procedure  explained  in  paragraph  (2)  has  to  be  considered 
even  more  importantly  for  repair  parts  because  their  impact  on  provision- 
ing cost  is  more  significant  than  for  consumable  parts, 

4,  A  second  user  has  to  determine  his  needs  for  spare  parts  by  con- 
sidering his  environment  (Logistics  Support  Capabilities,  Maintenance 
Policies)  rather  than  to  do  whatever  the  first  user  does, 

B.  MAINTENANCE-RELATED  PROVISIONING  MODELS 
AND  THEIR  UTILIZATION 

1,  These  models  have  shown  potential  for  giving  more  informative 
results  for  provisioning  decisions.  But  the  assumptions  made  in  these 
models  have  to  be  evaluated  very  carefully  to  make  them  more  applicable 
to  the  real  world, 

2,  The  models  should  be  analyzed  by  operations  researchers  working 
for  the  user  to  pro  vie  the  suitability  of  their  mathematical  formulations 
and  assumptions  in  order  to  determine  their  applicability  before  their 
utilization. 

3,  The  models  should  be  made  more  versatile  and  their  restrictions 
should  be  minimized  so  that  applications  in  the  real  world  can  be 
axpanded. 

4,  The  models  should  be  utilized  as  a  decision-making  aid,  not  as 
the  decision  itself, 

5,  Properly  applied,  the  models  can  be  used  as  a  design  aid  to 
optimize  the  system  by  the  producer  as  well  as  to  optimize  the  support 
organization  and  its  associated  policies  by  the  user, 
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APPENDIX  A 


A.      ECONOMIC  ORDER  QUANTITY  (ECQ)  MODEL:      [Ref .    17] 


On-hand 
^    Inventory 


Safety 
Stock 
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"boq 


=  Economic  Order  Quantity 

=  Demand  Rate 

=  Procurement  Lead  Time 

=  Cycle  Time 

=  Reorder  Point 

=  Fixed  Cost  to  Place  an  Order 

=  Item  Unit  Cost 

=  Interest  Rate  =  I1   +  I2  +  I3 

=  Opportunity  Cost 

=  Storage  Cost 

=  Obsolescence  and  Shrinkage  Cost 

=  Annual  Cost 


S5 


V1 


/2(A)(D) 
^BOQ     V  (D(C) 


-.       UKD)  +  (I)(C)(QEOQ) 
^  "   QeDQ  2 


(a)  If  t  <  T  then  ROP  =  (D)(t) 

(b)  If  t  >  T  then  ROP  =  [t  -  (N)(T)](D) 

where     N  =  Number  of  Complete  Cycles  in  t  and  is  the  largest 
whole  number  <_  ts 
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B0  TIME-WEIGHTED  AVERAGE  MONTH'S  PRCGRAMS  (TWAMP)  [Ref .  18] 

The  determination  of  system  stock  is  based  upon  the  time-weighted 
average  month's  program  (TWAMP)  through  the  program  time  base  (PTB)0  The 
PTfi  is  determined  by  the  estimation  of  the  value  of  annual  demand  (VAD), 
If  the  VAD  is  greater  than  $500,000  a  PTB  of  three  months  is  used.  For 
a  VAD  between  $500,000  and  $50,000  a  PTB  of  six  months  is  used  and  for  any 
VAD  less  than  $50,000  a  12  month  PTB  is  used.  Deliveries  are  assumed  to 
occur  in  mid-month;  thus,  the  cumulative  program  buildup  (Bm)  up  to  and 
including  the  last  month  (m)  in  PTB  is  defined  as  follows: 

Bm  =  IK/2  when  m  =  1    and 

m-1 


=  (/j     IK)  +  Im/2  when  m  >  2 


Bm 

K=l 

Where:  K,m  are  month  indices 

lv   =  number  of  specified  operational  units  of  program  by  which 
K 

the  program  is  incremented  during  month  K  in  the  PTB* 

TWAMP  is  conputed  by: 

I     Bm 
m 


TWAMP  = 


PTB 


Given  an  example  of  the  following  operational  unit  deliveries  in  a 
program  the  TWAMP  is  computed  as  follows: 


87 


No.  of 

Month 

1 

2 

3 

4 

JK 

1 

2 

2 

2 

Eta 

.5 

2 

4 

6 

Month  0  DJFMAMJJAS 

5  6  7  8  9  10  11  12 
23444500 
8     10.5     14       18       22     26,5     29       29 

PTB  TWAMP 

3  Month  (.5+2+4)/3  =2.2 

6  Month  (.5+2+4+6+8+10. 5 )/6  =  5.2 

12  Month  (o 5+2+4+6+8+10. 5+14+18+22+26. 5+29+29)/ 12  =14.1 

In  order  to  derive  the  quantitative  level  requirements  for  an  item 
the  TWAMP  is  multiplied  by  the  number  of  months  for  which  support  is 
being  computed. 

PTB  TWAMP  PCLT  (12  Mos) 
3  Months                2.2  26.4 

6  Months  5.2  62.4 

12  Months  14.1  169,2 

Forecast  for  demand  during  Procurement  Lead  Time  (PCLT)  on  an  item 
with  a  Best  Replacement  Factor  (BRF)  of  1.5  would  be  determined  as  follows: 

Factors      Demand 

PTB        Item  PCLT   times   BRF   times   for  Year    Forecast 


3  Months 

26.4 

1.5 

4 

158.4 

6  Months 

62.4 

1.5 

2 

187,2 

12  Months 

169,2 

1.5 

1 

253.8 
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C.     COST  DIFFERENCE  iDDEL  (COSDIF)    [Ref .   18] 

COSDIF  =   (Fo/FD)[Cp  +  2HU  (R  +  Q)] 

+  (1  -  Fo/FD)  [Cp(D/Q)  +  HU(S  +  Q/2)  +  C^] 

-   (1  -  Fo/FD)  [KCpFD  +  PDU  +  FdL  MAX  (^j^/365FD)] 

Where: 

Fo/FD  =  probability  of  zero  demand  in  coming  two  years, 
given  annual  frequency  of  demand  F~ 

C  =  ICP  cost  of  procure 

H  =  holding  cost  rate 

U  =  item  unit  price 

R  =  reorder  level 

Q  =  economic  order  quantity 

D  =  forecast  of  annual  demand 

S  =  Safety  level 

C,  =  cost  of  issue 

FQ  =  annual  frequency  of  demand 

K     =  conversion  factor  to  adjust  procurement  cost  for 
non-stocked  items 

P  =  increase  in  item  unit  price  due  to  spot  buy 

L  =  procurement  lead  time 

A  =  shortage  cost 

E  =  item  essentiality 

115  is  based  on  average  backorder  time  outstanding  in  days 
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The  first  part  of  the  OOSDIF  formula  is  the  probability  of  no  demand 
in  two  years  multiplied  by  the  expected  cost  to  hold  that  item  in  inven- 
tory for  two  years.  The  next  part  of  the  formula  is  the  probability  of 
demand  in  two  years  multiplied  by  the  holding  cost  for  that  item  for  one 
year.  The  third  part  of  the  formula  is  the  probability  of  demand  in  two 
years  multiplied  by  the  expected  cost  of  not  stocking  the  item  and  need- 
ing it. 
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APPENDIX  B 


0PUS7 

***** 
***** 

INPUT    OAT* 

********** 


Selected  output  data  from  the  ccnputer  run. 


*****    APFENDIX:     e.OPUS    MOOEL  ,0RGAN  IZATIQN    TYPE:    A.INIT.     PRQC.tMQE    TYPE:    0, ****** 
PROBLEM    TlrPE    =    0 

:     IMTIAL    FPCCUREH£N"r    OF   SPARES 
CPTI «I ZATICN    CPITE^IA     : 

:EXPECTEO    WAITING    TIME    (ALL    SUPPORT    STATIONS). 
INVESTMENT    INTERVAL 


MINIMUM  = 
MAXIMUM  = 


CO 
10000000.0 


EOUIPMENT    DATA 
itsiiisasnia  = 


NUMBER    CIFFERENT 


OENCM 
SRU  1 
SRU 
SRU 
SPU 


S«U 

sau 

SPU 
SRU 
Sau 
Sau  10 
SRU  11 
SRU    12 

sau  13 
sau  14 
sau  15 
sau  16 
sau    17 

SPU  19 
SRU    IS 

sau   20 

SPU  21 
Sau  22 
Saij  2  3 
SRU  24 
Sau  25 
sau  26 
SRU  2? 
SRU  2  = 
SRU  29 
sau  3C 
SRU  3  1 
sau  32 
sau  33 
SPU  34 
SRU  3  5 
SOU  3  6 
SRU   37 


SRU    DATA 

T         37 

FAILURE 

RATE 

COST 

E-6 

100.0 

9.20 

425.0 

11.50 

375.  C 

6.90 

25.0 

4.60 

900.0 

39.20 

375. C 

16.50 

250.0 

10.70 

&50.C 

30.00 

325. C 

4.20 

450.0 

12.30 

I  00.0 

17.10 

100. 0 

5.  50 

1  50  . 0 

7.50 

250.  C 

9.90 

950.0 

50. 2C 

300.0 

14.70 

375. C 

9.  20 

250.0 

11  .00 

5C0.  C 

30.40 

375.0 

57.  SO 

200.0 

71.00 

50. C 

5.20 

400.0 

59.00 

250.0 

96.30 

75.  G 

2^.50 

55  .0 

19.10 

100.0 

35.30 

250.0 

5  3.  7  0 

190.0 

106.60 

87.  C 

26.60 

63.0 

75. £0 

77.0 

33.  SC 

98.  C 

79.  00 

20.0 

17.70 

55.0 

26.60 

35.0 

13.  50 

45.0 

27.10 

APPLI 
CATION 

FACTOR 

1.  cooooo 

1.000000 
>  .  000000 

l.coooco 

1  .000000 
1.000000 
i. 000000 
1.000000 
1.000000 
l.OOOOCO 
1.000000 

1.  ooooco 

1.000000 
1.000000 
i.OOOJOO 
1  .000000 
l.OOOCOC 
1.0000  00 
1.000000 

1.  ooooco 

1  .000000 
1.  000000 
1.000000 
1.000000 
1.000000 
1.000000 
1.000000 
1.  GOOOOO 
1.000000 
I  .00  00  00 
I. 000000 
1  .00  00  00 
l.OOOOCO 
1.000000 
1  .000000 
1.  000000 
I.OOOJOO 


TAT 

NUMBER 

E  NO    S  UP  P 

IN 

STATiTJ 

INVENTORY 

173.0 

0 

173.0 

0 

173  .0 

0 

173.0 

c 

173. J 

0 

17  3.0 

0 

173.0 

0 

173.0 

c 

173.  J 

0 

173.0 

c 

173.0 

0 

173.  0 

0 

173.0 

0 

173.0 

0 

173.0 

c 

173.0 

0 

1  73  .  0 

0 

173.0 

c 

173  .0 

0 

173.0 

0 

173.0 

0 

173.0 

0 

173.0 

c 

173.0 

0 

173.0 

0 

173.0 

c 

173.0 

0 

1  73 .  0 

0 

173  .0 

0 

173.0 

0 

173.0 

0 

173.0 

0 

\  73  .  0 

0 

173.0 

c 

173  .0 

0 

173.0 

0 

173.0 

a 
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FRC8LE>    TYPE    =    0 

:     INITIAL    PROCUREMENT    OF    SPARES 

QPTIHIZATICN    CRITERIA     : 

J    KEIOTEC    PROBABILITY    OF    MISSION    FAILURE    DUE    TO    SHORTAGE    (OPERATIONAL). 
:     PROBABILITY    OF    SHORTAGE    GIVEN   A    DEMAND     (FIRST     LEVEL). 
:     EXPECTED    WAITING   TIME    (NON    FIRST    LEVEL    SUPPORT    STATIONS). 
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